



Das Bild auf dem Umschlag zeigt Gitterstrukturen aus korrosionsbeständigem 
Stahl (1.4404) hergestellt durch Laser-Strahlschmelzen.
The cover picture shows lattice structures of corrosion resistant steel (1.4404) 
fabricated by Selective Laser Melting (SLM).
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Liebe Leserinnen und Leser,
2020 war ein ganz besonderes, für das IFW erneut sehr 
erfolgreiches Jahr, wobei es wohl für jeden individuelle 
Herausforderungen zu meistern galt. Alle haben ihr 
Bestes gegeben, die Forschungsarbeit und den wissen-
schaftlichen Austausch auch unter Pandemie-Bedin-
gungen aufrechtzuerhalten. Ausgewählte Ergebnisse 
dieser Bemühungen möchten wir Ihnen gern im 
vorliegenden Heft vorstellen. Wir wünschen Ihnen eine 
spannende Lektüre. Damit Forschung auf höchstem 
Niveau auch in solchen Krisenzeiten gelingt, braucht 
es das von unseren Mitarbeitenden, unseren Partnern 
und unseren Unterstützern gezeigte Engagement und 
manchmal Mut und Kreativität beim Beschreiten neuer 
Wege. Daher ist es uns eine Herzensangelegenheit, 
unseren Kolleginnen und Kollegen für ihre Arbeit und 
ihren ganz persönlichen Einsatz sowie allen Koope-
rationspartnern und Förderern für die konstruktive 
Zusammenarbeit und Unterstützung im Jahr 2020 zu 
danken. Wir hoffen auf die erfolgreiche Fortsetzung 
auch in 2021. Bleiben Sie bitte gesund. 
Herzlichst 
Dear readers,
2020 was a very special year and - despite of its 
challenges - a highly successful one for the IFW. 
Everyone did the best to keep up research work and 
scientific exchange even under pandemic conditions. 
In this Annual Report, we present selected highlights 
as the outcome of these efforts. We wish you an 
exciting reading.
Top-level research, especially in times of crisis, 
requires commitment such as that shown by our 
staff, our partners and our sponsors, and sometimes 
courage and creativity to tread new paths. Therefo-
re, it is important for us to thank our colleagues for 
their work and their very personal commitment, as 
well as all partners and funders for their constructive 
cooperation and support in 2020. We look forward 
for a successful continuation in 2021. 
Please stay healthy. 
With best wishes
Juliane Schmidt, Administrative Direktorin und Prof. Dr. Bernd Büchner, Wissenschaftlicher Direktor. Foto: Jürgen Jeibmann
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2020 has been a special year full of challenges, 
obstacles, cancellations and workarounds. Travel 
and contact restrictions under pandemic conditions 
forced us to reshape plans for scientific and public 
events. They also led to some restrictions in scientific 
and educational work of IFW. We tried to make 
the best of this new situation. Instead of traveling 
to conferences, inviting colloquium speakers, and 
holding meetings, we have had a steep learning 
curve in organizing and handling virtual events and 
have developed new open-air formats.
In January and February, some events could still 
take place as planned, for example, the kick-off 
meeting of the ETN training network BIOREMIA 
“Biofilm-resistant materials for hard tissue implant 
applications”, which is coordinated by IFW. The 
Saxon Network Workshop on Thermoelectric 
Applications in Industry and the career and job fair 
“KarriereStart” also took place early enough in the 
year to not yet be affected by the restrictions of the 
pandemic.
During the first wave of the pandemic, a number 
of events had to be cancelled, including the spring 
meeting of the German Physical Society in March 
and the Dresden Science Night in June.  Other 
events such as the planned nature conference 
"Microrobots and Nanorobots for Biotechnology" 
and the SAW Symposium were postponed until next 
year.
Also, the annual internal program retreat could not 
take place as usual with all responsible scientists.  
Instead of the proven broad, cross-institutional 
discussion of recent research results and resulting 
modifications of the research program, small 
meetings with few participants took place within 
the thematic areas. In view of the upcoming 
evaluation of the IFW by the Senate of the Leibniz 
Association in the summer of 2021, this event served 
in particular to determine the status quo and discuss 




2020 war ein besonderes Jahr voller Herausforde-
rungen, Hindernisse, Absagen und Behelfslösungen. 
Reise- und Kontaktbeschränkungen unter Pande-
miebedingungen haben nicht nur Pläne für wissen-
schaftliche und öffentliche Veranstaltungen über 
den Haufen geworfen, sondern brachten auch einige 
Einschränkungen im wissenschaftlichen Betrieb mit 
sich. Wir haben versucht, das Beste aus dieser neuen 
Situation zu machen. Anstatt zu Konferenzen zu 
reisen, Kolloquiumsredner*innen einzuladen und 
Meetings abzuhalten, hatten wir eine steile Lernkur-
ve bei der Organisation und Handhabung virtueller 
Veranstaltungen und haben neue Open-Air Formate 
entwickelt. 
Im Januar und Februar konnten einige Veranstal-
tungen noch wie geplant stattfinden, zum Beispiel 
das Kick-off Meeting des ETN Trainingsnetzwerkes 
BIOREMIA „Biofilm-resistant materials for hard tis-
sue implant applications“, das vom IFW koordiniert 
wird. Auch der Sächsische Netzwerk-Workshop zu 
Thermoelektrischen Anwendungen in der Industrie 
und die Berufs- und Jobmesse KarriereStart fanden 
früh genug im Jahr statt, um noch nicht von den 
Einschränkungen betroffen zu sein.
In der ersten Pandemiewelle musste einiges abgesagt 
werden, darunter die Frühjahrstagung der Deut-
schen Physikalischen Gesellschaft im März und die 
Dresdner Lange Nacht der Wissenschaften im Juni. 
Andere Events wie die ursprünglich für 2020 ge-
plante nature Konferenz „Microrobots and Nano-
robots for Biotechnology“ und das SAW Symposium 
wurden auf das nächste Jahr verschoben.
Auch die jährliche interne Programmklausur konnte 
nicht in gewohnter Form mit allen verantwortlichen 
Wissenschaftler*innen stattfinden. Anstelle der 
bewährten breiten, institutsübergreifenden Diskus-
sion über jüngste Forschungsergebnisse und daraus 
resultierenden Modifizierungen des Forschungspro-
gramms, fanden kleine Meetings mit wenigen Teil-
nehmer*innen innerhalb der Themengebiete statt. 
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Mit Blick auf die im Sommer 2021 bevorstehende 
Evaluierung des IFW durch den Senat der Leibniz-
Gemeinschaft diente diese Veranstaltung insbeson-
dere der Standortbestimmung und Strategiediskus-
sion in den einzelnen Themen. Im Ergebnis entstand 
ein aktualisiertes IFW-Forschungsprogramm, dessen 
Fundament wie gehabt die Untersuchung noch un-
erforschter Eigenschaften neuartiger Materialien ist, 
mit dem Ziel, neue Funktionen und Anwendungen 
zu etablieren. Mit den drei Säulen Quantum – Nano 
– Funktion bietet das IFW-Forschungsprogramm
einen bewährten Rahmen für interne Vernetzung,
flexible Projekte und strategische Justierungen.
Einige Veranstaltungen konnten nach draußen
verlegt werden. So haben zwei wichtige Mitarbeiter-
versammlungen im Innenhof des IFW stattgefun-
updated IFW research program, which is based 
on the investigation of still unexplored properties 
of novel materials, with the aim of establishing 
new functions and applications. The IFW research 
program with the three pillars of Quantum 
Materials, Functional Materials and Nanoscale 
Materials provides a proven framework for strategic 
discussions. It is well focused on the investigation of 
yet unexplored properties of novel materials with the 
aim to establish new functionalities and applications. 
At the same time, it is flexible enough to include new 
developments and upcoming topics.
Open air alternatives could be created for some 
events. Thus, two important staff meetings have 
taken place in the inner courtyard of the IFW:  
During the first meeting of this kind, Dr Doreen 
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Spitzenforschung auch in Krisenzeiten wie der Covid-19-Pandemie fortzusetzen, erfordert eine gute Zusammenarbeit: der Leitungsstab des IFW Dresden v.l.n.r: 
Continuing excellence in research even in times of crisis like the Covid 19 pandemic requires efficient collaboration: the IFW Dresden Management Board from left to right: 
Friederike Jaeger (Admin. Services), Prof. Dr. Kornelius Nielsch (IMW), Prof. Dr. Dirk Lindackers (Research Technology), Prof. Dr. Oliver G. Schmidt (IIN), 
Dr. Carola Langer (Assistant of the Scientific Director), Prof. Dr. Jeroen van den Brink (ITF), Juliane Schmidt (Administrative Director), 
Prof. Dr. Julia Hufenbach (IKM) and  Prof. Dr. Bernd Büchner (Scientific Direktor). Photo: Jürgen Lösel
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Kirmse was given her farewell as Administrative 
Director of the IFW on 25 June. After five years in 
this position, she has accepted a new position as 
Chancellor of the Stuttgart University of Applied 
Sciences. The second open-air staff meeting was 
held on October 1 to welcome Juliane Schmidt as 
the new Administrative Director of IFW. As one of 
many tasks, she will be responsible for preparing 
the building application for the planned new 
construction of an additional institute building for 
the IFW.
A few events could take place in the valley between 
two pandemic waves with some restrictions. These 
include the visit of the Saxon Minister of Science 
Sebastian Gemkow at IFW on August 19, 2020. 
During the guided tour through the laboratories, the 
minister showed great interest in our work, asked 
many questions and was enthusiastic, especially 
about the success story of the SAWLab Saxony and 
the company SciDre GmbH, which was spun off 
from IFW in 2009, as well as the latest IFW spin-off 
initiative "fermiologics".
In September, the opening of the "Schaufenster der 
Forschung" (Showcase of Research) took place in the 
Dresden Technical Museum. Here, visitors will have 
access to current topics of science in Dresden. The 
IFW has developed several exhibits on the topic of 
quantum materials in order to make the phenomena 
of quantum physics experienceable for the general 
public. The importance of science communication 
has become particularly evident in the pandemic 
year 2020. On the one hand, the importance 
of science in politics and society has increased 
significantly; on the other hand, growing skepticism 
has become apparent among an unfortunately not 
entirely small minority of the population. The IFW 
will therefore continue its efforts to communicate 
research results vividly, to get young people excited 
about science, and also to make the methods of 
scientific work transparent.  One activity in this 
direction was IFW's participation in the science 
exhibition "How will we live in the future?" in 
October 2020 in the city center of Dresden.
A large number of events, seminars and meetings 
had to be held remotely on online platforms in 2020. 
Here we have definitely developed creativity, so 
that even very lively virtual laboratory tours could 
be organized at IFW. These took place as part of 
the UKRATOP Days at IFW, a recruitment event 
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den. Während der ersten Zusammenkunft dieser 
Art wurde am 25. Juni Frau Dr. Doreen Kirmse als 
Kaufmännische Direktorin des IFW verabschiedet. 
Nach fünf Jahren in dieser Position hat sie eine neue 
Stelle als Kanzlerin der Fachhochschule Stuttgart 
angenommen. Die zweite Open-Air-Mitarbeiter-
versammlung fand am 1. Oktober zur Begrüßung 
von Frau Juliane Schmidt als neue Kaufmännische 
Direktorin statt. Vor ihr liegt nun - als eine von vie-
len Aufgaben - die Erstellung des Bauantrags für das 
geplante zusätzliche Institutsgebäude des IFW.
Einige wenige Veranstaltungen konnten im Tal 
zwischen zwei Pandemiewellen mit einigen Ein-
schränkungen stattfinden. Dazu gehört der Besuch 
des sächsischen Wissenschaftsministers Sebastian 
Gemkow am 19. August 2020 in unserem Haus. Auf 
dem Institutsrundgang zeigte sich der Minister sehr 
interessiert, stellte viele Fragen und war begeistert, 
insbesondere von der Erfolgsgeschichte des SAWLab 
Saxony und der 2009 aus dem IFW ausgegründeten 
Firma SciDre GmbH sowie der jüngsten Ausgrün-
dungsinitiative „fermiologics“. 
Im September fand die Eröffnung des "Schaufensters 
der Forschung" in den Technischen Sammlungen 
Dresden statt. Besucher*innen sollen hier einen 
Zugang zu aktuellen Themen der Dresdner Wissen-
schaft erhalten. Zum Schwerpunkt Quantenmate-
rialien hat das IFW mehrere Exponate entwickelt, 
um Phänomene der Quantenphysik für ein breites 
Publikum erlebbar zu machen. Die Bedeutung von 
Wissenschaftskommunikation ist im Pandemie-Jahr 
2020 besonders spürbar geworden. Einerseits hat die 
Bedeutung der Wissenschaft in Politik und Gesell-
schaft deutlich zugenommen, andererseits wurde 
eine wachsende Skepsis in einer leider nicht ganz 
so kleinen Minderheit der Bevölkerung offenbar. 
Das IFW wird sich auch weiterhin dafür engagieren, 
Forschungsergebnisse anschaulich zu kommunizie-
ren, junge Menschen für Wissenschaft zu begeis-
tern und auch die Arbeitsweise der Wissenschaft 
transparent zu machen. Eine wichtige Aktivität in 
dieser Richtung war die Beteiligung des IFW an der 
Wissenschaftsausstellung "Wie werden wir in Zu-
kunft leben?" im Oktober 2020 im Stadtzentrum von 
Dresden.
Eine Vielzahl von Veranstaltungen, Vorträgen und 
Meetings musste 2020 auf Online-Plattformen ver-
legt werden. Hier haben wir durchaus Kreativität 
entwickelt, so dass sogar sehr lebendige virtuelle 
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Laborrundgänge organisiert werden konnten. Diese 
fanden im Rahmen der UKRATOP Days am IFW 
statt, einer Rekrutierungsveranstaltung für das vom 
IFW initiierte deutsch-ukrainische Projekt "Topo-
logical Phenomena in Quantum Materials". Auch 
die Training Workshops der beiden EU-Netzwerke 
BIOREMIA und BeMagic konnten zwar nur als On-
line-Veranstaltungen stattfinden, haben aber auch zu 
neuen Erfahrungen und Kompetenzen geführt.
Als Leibniz-Institut wird das IFW je zur Hälfte von 
Bund und Ländern finanziert. Zusätzlich eingewor-
bene Drittmittel stellen nicht nur eine wesentliche 
Erweiterung dieser Grundförderung dar, sondern 
sind auch ein wichtiger Maßstab für unsere Leis-
tungs- und Wettbewerbsfähigkeit. In dieser Hinsicht 
war das IFW 2020 sehr erfolgreich, was sich nicht 
zuletzt darin äußert, dass wir 2020 bei den Dritt-
mitteleinwerbungen die Marke von zehn Millionen 
Euro erreicht und übertroffen haben. Ein besonderer 
Erfolg war die Bewilligung des ERC Consolidator 
Grants für Dr. Gabi Schierning auf dem Gebiet der 
thermoelektrischen Materialien. Darüber hinaus 
war das IFW 2020 im Wettbewerbsverfahren der 
Leibniz-Gemeinschaft erfolgreich. Der Antrag 
auf die Einrichtung einer Leibniz Junior Research 
Group zu zweidimensionalen Quantenmaterialien 
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for the German-Ukrainian project "Topological 
Phenomena in Quantum Materials" initiated by IFW. 
The training workshops of the two EU networks 
BIOREMIA and BeMagic could only take place as 
online events, but have also led to new experiences 
and skills.
As a Leibniz Institute, IFW is funded equally by 
the federal and state governments. Additional 
third-party funding acquired not only represents a 
significant expansion of this basic funding, but is 
also an important measure of IFW's performance 
and competitiveness. In this respect, IFW 2020 was 
very successful, as evidenced not least by the fact 
that we surpassed the 10-million-euro mark in third-
party funding in 2020. A particular success was the 
approval of the ERC Consolidator Grant for Dr. Gabi 
Schierning in the field of thermoelectric materials. 
In addition, IFW 2020 was successful in the Leibniz 
Association's competitive process. The application for 
the establishment of a Leibniz Junior Research Group 
on two-dimensional quantum materials by Dr. Louis 
Veyrat was approved and will be realized starting in 
2021 and co-funded by the Leibniz Association for 5 
years. Research on 2D materials is also strengthened 
by the new Collaborative Research Center SFB 
1415 “Chemistry of Synthetic 2D Materials” at TU 
Unter freiem Himmel: Die Mitarbeiterversammlungen fanden im Innenhof des IFW Dresden statt. 
Open air: Staff meetings have taken place in the inner courtyard of the IFW Dresden.
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Dresden including two sub-projects from IFW.
The training of students and young scientists 
remains a very important concern of our work. 
PhD and diploma students are involved in nearly all 
scientific projects and in the resulting publications. 
In 2020, eight PhD theses have been completed with 
the best grade possible – summa cum laude. The 
IFW acknowledges these outstanding achievements 
of young scientist by awarding the Tschirnhaus-
Medal.
One indicator of the successful promotion of 
young scientists is the number of appointments to 
university professorships for IFW staff. In 2020, 
four such appointments were made. The fact that 
these were four female scientists is a clear sign of 
the effectiveness of our efforts to improve gender 
equality in science. However, the departure of 
talented female group leaders is initially expressed in 
a reduced number of female group leaders, which we 
hope to be able to compensate for in the near future.
In 2020, our institute received two awards as an 
employer: First, the IFW successfully passed the 
"audit berufundfamilie" certification once again and 
was recognized as a family-friendly employer. In 
addition, the IFW Dresden is for the second time 
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von Dr. Louis Veyrat wurde bewilligt und wird ab 
2021 für fünf Jahre von der Leibniz-Gemeinschaft 
mitfinanziert. Thematisch werden diese Aktivitäten 
durch den 2020 an der TU Dresden neu gestarteten 
SFB 1415 “Chemistry of Synthetic 2D Materials” 
unterstützt, an dem das IFW mit zwei Teilprojekten 
beteiligt ist.
Die Ausbildung von Studierenden und Nachwuchs-
wissenschaftler*innen bleibt ein sehr wichtiges 
Anliegen unserer Arbeit. An fast allen wissenschaft-
lichen Projekten und den daraus resultierenden 
Publikationen sind Promovierende und Studierende 
beteiligt. 2020 wurden acht Promotionen mit der 
bestmöglichen Note - summa cum laude - abge-
schlossen. Das IFW würdigt diese herausragenden 
Leistungen des wissenschaftlichen Nachwuchses mit 
der Verleihung der Tschirnhaus-Plakette.
Ein Indikator für die erfolgreiche Förderung des 
wissenschaftlichen Nachwuchses sind Rufe auf Uni-
versitätsprofessuren an IFW-Mitarbeiter*innen. 2020 
wurden vier solche Rufe erteilt. Dass es sich dabei 
um vier Wissenschaftlerinnen handelt, ist auch ein 
gutes Zeichen für die Bemühungen des IFW um die 
Chancengleichheit von Frauen und Männern in der 
Wissenschaft. Allerdings drückt sich der Weggang 
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one of the most attractive employers in our city 
in 2020. The award was presented by the business 
magazine Capital in cooperation with the portal 
Statistica. 
All in all, we have mastered the special challenges 
of the year quite well. We would like to thank all 
our partners and sponsors who have supported us 
in this process. Although many new experiences 
will be useful in the future, we hope to be able to 
meet physically again soon, to give the scientific and 
personal exchange its usual momentum again.
talentierter Gruppenleiterinnen nun zunächst in 
einer reduzierten Anzahl von weiblichen Führungs-
kräften im wissenschaftlichen Bereich aus, was wir 
hoffentlich bald wieder ausgleichen können.
Im Jahr 2020 erhielt unser Institut zwei Auszeich-
nungen als Arbeitgeber: Zum einen hat das IFW 
zum wiederholten Male die Zertifizierung "audit 
berufundfamilie" erfolgreich durchlaufen und wurde 
damit als familienfreundlicher Arbeitgeber ausge-
zeichnet. Außerdem zählt unser Institut auch 2020 
wieder zu den attraktivsten Arbeitgebern unserer 
Stadt. Die Auszeichnung wurde vom Wirtschafts-
magazin Capital in Zusammenarbeit mit dem Portal 
Statistica vergeben. 
Alles in allem, haben wir die besonderen Heraus-
forderungen des Jahres gut gemeistert. Wir danken 
allen Partnern und Förderern, die uns dabei unter-
stützt haben, sehr herzlich. Auch wenn viele neue 
Erfahrungen in Zukunft nützlich sein werden, hoffen 
wir doch sehr darauf, uns bald wieder von Ange-
sicht zu Angesicht gegenüberstehen zu können, um 
dem wissenschaftlichen und persönlichen Austausch 
wieder den gewohnten Schwung zu geben.
Frustrierte Magnete können in der Ausstellung „Schaufenster der Forschung“ bestaunt werden. Durch die Anordnung von drei aufeinandertreffenden Magneten kann sich 
kein Idealzustand einstellen und die Magnete fügen sich in einen Kompromiss. Solche Zustände können auch im Inneren von Quantenmaterialien beobachtet werden. 
Frustrated Magnets can be seen in the exhibition "Showcase of Research". Due to the arrangement of three magnets meeting each other, no ideal state can create and the 
magnets settle into a compromise. Such states can also be observed inside quantum materials.
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Our Research Program
Our Research Program brings together the five 
IFW Institutes. It combines theory, experiments, 
synthesis, characterization and materials and device 
development in four Research Areas.
Despite its diversity and interdisciplinarity, all IFW 
research activities have in common that scientists are 
investigating still unexplored properties of matter 
with the aim of developing new functionalities and 
applications.
quantum - nano - function
The junction of the three fields Quantum matter – 
Nanoscale materials – Functional materials is the 
unique feature of the IFW. Along the junctions of 
these fields we have defined three Research Areas 
where we cover the range from fundamentals to 
functionalities in a stragegic manner.
The forth Research Area binds together materials 




Das IFW-Forschungsdreieck zeigt die Verknüpfung 
unserer Forschungsfelder Quantenmaterialien - 
Nanoskalige Materialien - Funktionsmaterialien. Aus 
den Verbindungen dieser Felder ergeben sich unsere 
Forschungsgebiete: (1) Functional quantum materials, 
(2) Function through size und (3) Quantum effects at 
the nanoscale. Das vierte Forschungsgebiet "Towards 
Products" (4) in der Mitte des Dreiecks beinhaltet
Forschungthemen mit Bezug zur Anwendung. 
The IFW-Research triangle illustrates the junction of 
our research fields Quantum matter - Nanoscale mate-
rials - Functional materials. Our Research Areas result 
from the junctions between these fields: (1) Functional 
quantum materials, (2) Function through size and (3) 
Quantum effects at the nanoscale. The fourth Research 
Area "Towards Products" (4) in the middle of the tri-
angle contains research topics related to application.
Unser Forschungsprogramm
Unser Forschungsprogramm bringt die fünf 
IFW-Institute in einer Matrixstruktur zusammen. 
In vier Forschungsgebieten verbindet es die 
Kompetenzen Theorie, experimentelle Physik, 
Chemie, Charakterisierung und Materialentwicklung 
der einzelnen Institute. Bei aller Breite und 
Interdisziplinarität gilt für alle Forschungsaktivitäten 
des IFW, dass sich die Wissenschaftler*innen mit 
noch unerforschten Eigenschaften neuer Materialien 
beschäftigen, mit dem Ziel, neue Funktionalitäten 
und Anwendungen zu erschließen.
quantum - nano - function
Die Verknüpfung der drei Felder Quantenmateriali-
en - Nanoskalige Materialien - Funktionsmaterialien 
ist das Alleinstellungsmerkmal des IFW. Entlang der 
Verbindungen dieser Felder haben wir drei For-
schungsgebiete definiert, die wir strategisch von den 
Grundlagen bis zu Funktionalitäten bearbeiten. Das 
vierte Forschungsgebiet in der Mitte des Dreiecks 
beinhaltet Forschung zu Materialien und Systemen, 
die bereits Anwendungsreife erreicht haben.
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Our Research Program
Fünf Institute des IFW
Five IFW Institutes
Institut für Festkörperforschung - Institute for Solid State Research (IFF)
Director: Prof. Dr. B. Büchner
Das IFF beschäftigt sich mit materialorientierter Festkörperforschung mit den besonderen Schwerpunkten 
Quantenmaterialien und nanoskaligen Substanzen.
The IFF does research in the field of material-oriented experimental solid state physics with a special focus 
on quantum materials and nanoscale substances.
Institut für Metallische Werkstoffe - Institute for Metallic Materials (IMW)
Director: Prof. Dr. K. Nielsch
Die Themen des IMW sind thermoelektrische, magnetische und supraleitende Materialien, funktionelle 
Dünnschichten sowie Metallphysik.
Main research topics of IMW are thermoelectric, magnetic and superconducting materials, functional thin 
films and metal physics.
Institut für Komplexe Materialien - Institute for Complex Materials (IKM)
Director: Prof. Dr. B. Büchner (temp.)
Die Forschungsaktivitäten des IKM fokussieren sich auf Legierungsdesign und Prozesstechnologien, 
Chemie funktioneller Materialien sowie Stukturanalytik. 
The research activities of the IKM focus on alloy design and processing, chemistry of functional materials 
and structural analysis.
Institut für Integrative Nanowissenschaften - Institute for Integrative Nanosciences (IIN)
Director: Prof. Dr. Prof. h.c. O. G. Schmidt
Das IIN beschäftigt sich mit modernen Themen der Nanowissenschaften von Photonik über flexible
Elektronik bis hin zu Mikro-/Nano-Robotern. 
The IIN deals with a variety of modern nanoscience topics from photonics to flexible electronics to 
micro/nano-robots.
Institut für Theoretische Festkörperphysik - Institute for Theoretical Solid State Physics (ITF)
Director: Prof. Dr. J. van den Brink
Die Forschung am ITF konzentriert sich auf die theoretischen Aspekte der Physik der 
kondensierten Materie und der Materialwissenschaften. 
The ITF focusses on theoretical aspects of condensed matter physics and materials science.
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Focus 2020: 
Knowledge and technology 
transfer
Boost of Technology Transfer Activities:
Endowed professorship on Electron Optics
The company CEOS GmbH will finance an endowed 
professorship on Electron Optics combined with the 
position of a Research Group Leader at IFW. The focus 
is on the instrumental development of novel imaging 
and analytical methods of high-resolution electron 
microscopy. The joint appointment procedure with the 
TU Dresden started in 2020. Further, the cooperation 
with CEOS includes the establishment of a Joint TEM-
EELS laboratory which has been launched recently.
New Spin-off Fermiologics 
Funded by external and internal projects, a new prin-
ciple for a detector in angle-resolved photoemission 
spectroscopy was developed, patented and realized 
as a prototype. At the turn of 2019/20 the company 
Fermiologics (https://fermiologics.com) was spun off 
to market the detector FeSuMa that provide an easier 
access to the electronic structure of solids. 
Success story SAWLab Saxony
SAWLab Saxony has been founded five years ago as a 
joint laboratory with partners from research and in-
dustry for work on surface acoustic waves. There are 
a number of externally funded projects based on the 
highly applied research of the SAWLab, some of them 
together with local industrial partners who actively 
participate in the laboratory as strategic partners. In 
2020 we started a transfer project push the microa-
coustic aerosol generator towards industrial manu-
facturability and to validate it in application-related 
scenarios.
Leibniz Transfer Project MicroRes 
brings together expertise on rolled up nanotechno-
logy with that of experimental physicists within the 
Schwerpunkt 2020: Wissens- und Technologietransfer
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Schwerpunkt 2020:  
Wissens- und  
Technologietransfer
Neuer Schub für Technologietransfer-Aktivitäten:
Stiftungsprofessur für Elektronenoptik 
Die Firma CEOS GmbH finanziert eine Stiftungspro-
fessur für Elektronenoptik in Verbindung mit der Lei-
tung einer Forschergruppe am IFW. Der Schwerpunkt 
liegt auf der instrumentellen Entwicklung neuartiger 
Abbildungs- und Analyseverfahren der hochauf-
lösenden Elektronenmikroskopie. Das gemeinsame 
Berufungsverfahren mit der TU Dresden hat 2020 be-
gonnen. Darüber hinaus umfasst die Zusammenarbeit 
mit CEOS die Einrichtung eines gemeinsamen TEM-
EELS-Labors, welches vor kurzem gestartet wurde.
Neue Ausgründung Fermiologics 
Gefördert durch externe und interne Projekte wurde 
ein neues Prinzip für einen Detektor in der winkelauf-
gelösten Photoemissionsspektroskopie entwickelt, pa-
tentiert und als Prototyp realisiert. Zum Jahreswechsel 
2019/20 wurde die Firma Fermiologics (https://fermio-
logics.com) ausgegründet, um den Detektor FeSuMa zu 
vermarkten, der einen leichteren Zugang zur elektroni-
schen Struktur von Festkörpern ermöglicht.
Erfolgsgeschichte SAWLab Sachsen
Das SAWLab Sachsen wurde vor fünf Jahren als Ge-
meinschaftslabor mit Partnern aus Forschung und 
Industrie für Arbeiten an akustischen Oberflächen-
wellen gegründet. Basierend auf der hochgradig 
anwendungsorientierten Forschung des SAWLab gibt 
es eine Reihe von Drittmittelprojekten, zum Teil mit 
lokalen Industriepartnern. 2020 startete das Trans-
ferprojekt „MehrZAD - Mikroakustischer Zerstäuber 
für anwendungsrelevante Demonstrationen“.
Das Leibniz-Transferprojekt MicroRes bündelt in-
nerhalb des IFW die Expertise zur aufgerollten Nano-
technologie mit der von Experimentalphysiker*innen, 
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IFW to develop micro scale resonators for nuclear 
and electron spin resonance spectroscopies. The pro-
ject has been won in the Leibniz competition and is 
funded 2020 to 2023.
New platform IFW Products
Since 2020, products and services of IFW Dresden 
have been specifically advertised on a new platform:  
https://www.ifw-dresden.de/de/ifw-products
Foundation of the application laboratory for  
carbon nanotubes
After two decades of successful research on nanotubes 
(CNT), the expertise will now be used to specifically 
optimize and synthesize CNT for industrial 
applications.
New cooperation with the Dresden University  
of Applied Research (HTW)
2020 we have signed a cooperation agreement with 
HTW and thus broken new ground in institutional co-
operation between Leibniz institutes and Universities of 
Applied Research. Besides many other issues, it inclu-
des joint technology-related projects based on existing 
contacts between HTW and local industrial companies, 
which will help to enhance transfer activities of IFW.
Schwerpunkt 2020: Wissens- und Technologietransfer
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um mikroskalige Resonatoren für Kern- und Elekt-
ronenspinresonanzspektroskopie zu entwickeln. Das 
Projekt wurde im Leibniz-Wettbewerb gewonnen und 
wird von 2020 bis 2023 gefördert.
Neue Plattform IFW Products 
Seit 2020 werden auf einer neuen Plattform Produkte 
und Dienstleistungen des IFW Dresden gezielt be-
worben: https://www.ifw-dresden.de/de/ifw-products
Gründung des Anwendungslabors für 
Kohlenstoff-Nanoröhren
Nach zwei Jahrzehnten erfolgreicher Forschung an 
Nanoröhren (CNT) soll die Expertise nun genutzt 
werden, um CNT gezielt für industrielle Anwendun-
gen zu optimieren und zu synthetisieren.
Neue Kooperation mit der Hochschule für  
Angewandte Forschung Dresden (HTW)
2020 haben wir einen Kooperationsvertrag mit der 
HTW unterzeichnet und damit neue Wege in der 
institutionellen Zusammenarbeit zwischen Leibniz-In-
stituten und Hochschulen für Angewandte Forschung 
beschritten. Neben vielen anderen Themen sollen 
dabei gemeinsame technologiebezogene Projekte, die 
auf bestehenden Kontakten zwischen der HTW und 
lokalen Industrieunternehmen basieren, dazu beitra-
gen, die Transferaktivitäten des IFW zu verstärken.
Das SAWLab Saxony bündelt die Forschungsaktivitäten und Expertise des IFW Dresden auf dem Gebiet der Akustoelektronik mit den Kompetenzen und Fähigkeiten der 
lokalen Forschungsinstitute, Universitäten und High-Tech-Unternehmen. Untersucht werden am SAWLab Saxony akustoelektronische Systeme, wie der hier abgebildete 
transportable Demonstrator zur Aufbereitung biologischer Flüssigkeiten.
The SAWLab Saxony combines the research activities and expertise of the IFW Dresden in the field of acoustoelectronics with  competences and skills of local research insti-
tutes, universities and high-tech companies. At SAWLab Saxony, acoustoelectronic systems, such as the transportable demonstrator for the preparation of biological fluids 
shown here, are being investigated.
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Funktions-Quanten-
Materialien
Im Forschungsgebiet 1 erforschen wir Materialien, 
deren elektronische Eigenschaften zu neuen Funk-
tionalitäten mit interessantem Anwendungspotential 
führen können. Die physikalischen Eigenschaften 
manifestieren sich in einer Reihe von Material-
klassen: in bestimmten Übergangsmetalloxiden, in 
molekularen Feststoffen und in intermetallischen 
Materialien. All diese Systeme weisen ein vielseitiges 
Zusammenspiel von lokalisierten und delokalisier-
ten elektronischen Freiheitsgraden auf. Das unter-
scheidet diese Materialien sowohl praktisch als auch 
konzeptionell sehr deutlich von einfachen Metallen 
und Halbleitern mit gut verstandener elektronischer 
Struktur. Häufig führt das quantenmechanische 
Wechselspiel verschiedener elektronischer Freiheits-
grade zu anormalen Ladungstransporteigenschaften, 
beispielsweise aufgrund von Metall-Isolator-Über-
gängen, und zu außergewöhnlichen Ordnungs-
phänomenen wie unkonventionelle Formen der 
Supraleitung und Quantenmagnetismus. Hieraus 
resultierende und nutzbare Funktionalitäten sind 
z. B. große magnetokalorische Effekte, Hochtem-
peratursupraleitung, Magnetismus mit sehr starker 
Anisotropie und der Riesenmagnetowiderstand.
Functional Quantum 
Materials
Research Area 1 is focused on bulk materials in 
which a potential for applications emerges from their 
complex, quantum mechanical electronic properties. 
These physical material‘s properties manifest them-
selves in a number of material classes: in certain 
families of transition-metal oxides, in molecular 
solids and in a range of intermetallic materials. What 
sets these systems apart is that their valence and 
conduction electrons typically retain to some extend 
their atomic character, resulting in a rich interplay of 
localised and delocalised electronic degrees of free-
dom. This renders these materials both practically 
and conceptually very different from simple metals 
and semiconductors with well-understood itine-
rant quasi-particles. Often the quantum mechanical 
interplay between the localised and delocalised elect-
ronic degrees of freedom leads to anomalous charge 
transport properties, for instance due to the presence 
of metal-insulator transitions, and exceptional types 
of ordering phenomena, such as unconventional 
forms of superconductivity and quantum magne-
tism. Functionalities that arise from this are for 
instance large magneto-caloric effects, high tem-
perature superconductivity, magnetism with very 
strong anisotropy and giant magnetoresistance.
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Abb. 1: Die Doktorandin Anastasia Smerechuk stellt einen Platintiegel in 
einen der Laboröfen. 
Fig. 1: PhD student Anastasia Smerechuk places a platinum crucible inside 
a lab furnace. 
Iridiumoxide werden intensiv untersucht, da sie verspre-
chen neue elektronische oder topologische Zustände zu 
zeigen. Prominente Beispiele sind Srn+1IrnO3n+1 (n = 1, 2, ∞) 
Verbindungen. Beim Vergleich verschiedener Literatur-
quellen zeigt sich, dass die Probenqualität deren Eigen-
schaften stark bestimmt. Hier zeigen wir, dass die in der 
Literatur berichteten Abweichungen auf einen generischen 
Fehler in der Kristallzüchtung zurückzuführen sind. 
Deshalb schlagen wir eine Modifikation der Synthese 
vor,  mit der sich reproduzierbar Srn+1IrnO3n+1 Kristalle mit 
definierter Qualität züchten lassen. Zusätzlich verhindert 
unser Niedertemperaturansatz die Korrosion der verwen-
deten Pt-Tiegel und Ofeneinsätze und senkt  so Kosten.
Iridium oxides are intensively investigated since they promise 
to host novel electronic or topological states. Prominent 
examples are Srn+1IrnO3n+1 (n = 1, 2, ∞) compounds. By 
comparing different reports, it turns out that the sample 
quality strongly determines the physical properties. In 
this work, we show that these sample issues typically 
reported in literature arise from a generic growth-related 
misconception and we suggest a modification of the growth 
procedure that yields Srn+1IrnO3n+1 (n = 1, 2, ∞) crystals of 
reproducible and well- defined quality. As an extra benefit: 
Our low-temperature approach prevents corrosion of both Pt 
crucibles and furnace inserts, thereby reducing costs.
Flux growth of Sr-Ir-O crystals
Kaustuv Manna, Gizem Aslan-Cansever, Andrej Maljuk, Sabine Wurmehl, Silvia Seiro, Bernd Büchner
Why do we study iridium oxides?
Iridium-oxides may exhibit experimental realizati-
ons of exotic models of quantum magnetism [1–4]. 
Specifically, intensive investigations are performed 
to understand the evolution of resulting electronic 
structure and magnetic properties. While SrIrO3 
is found to be paramagnetic, Sr2IrO4 and Sr3Ir2O7 
show weak ferromagnetic behavior with transition 
temperatures of 225–240 K and 285 K, respectively. 
Different reports show a wide spread of transition 
temperatures for Sr2IrO4, while the paramagnetic 
susceptibility of SrIrO3 yielded unreasonably large 
values when fitted with a Curie-Weiss law. Both  
observations underline the strong influence of 
sample quality on the physical properties of these 
systems [5]. This motivated us to revisit the growth 
procedures reported in literature.
What growth method is suitable in general and how 
does it work?
The method of choice for the growth of iridium 
oxides is the so-called flux method also referred to as 
high temperature solution growth [6]. This method 
is based on the temperature dependent solubility of 
precursors and products in the flux, viz. the solvent. 
At room temperature, one needs a saturated solution 
of precursors in equilibrium with unsolved educts. 
Upon heating, the solubility of the precursors in the 
flux is increasing, yielding a supersaturated solution. 
Upon slowly cooling down, crystals of the desired 
material start to nucleate since the solubility of the 
solute is decreasing again. A simplified analogy from 
daily life is the solution of NaCl (solute/nutrient) in 
water (solvent/flux) that are heated up and cooled, 
e.g., in a cooking pot on your stove in air. In the 
present case, we used anhydrous SrCl2 as flux and 
SrCO3 and IrO2 as precursors, a Pt crucible with lid 
as cooking pot and heated and cooled the crucible in 
air using a lab furnace. 
State-of-the-art growth protocols and why they fail 
to yield well-defined crystals
Single crystals of Sr2IrO4 (n = 1), Sr3Ir2O7 (n = 2) 
and SrIrO3 (n = ∞) have been reported to grow 
from a SrCl2 flux in platinum crucibles [1, 2, 5, 
7–9]. Unfortunately, in many of these publications, 
a reproducible description of the growth conditions 
is missing or incomplete, e.g., the nutrient/solvent 
ratio, one of the key growth parameters, is not men-
tioned in various reports [5, 7, 8]. 
Surprisingly, the soak temperatures used are fre-
quently reported to be well above the boiling point 
of the SrCl2 flux (1250 °C) [1, 7-10]. Note that  
Sr2IrO4 and SrIrO3 compounds have been reported 
to decompose in air at 1445 °C and 1205 °C, respec-
tively [6]. In a boiling flux, crystals must grow far 
away from quasi-equilibrium conditions, which may 
lead to crystal imperfections [9]. Also, the actual 
ratio of nutrient to solvent changes at high tempe-
ratures as solvent evaporates, affecting the repro-
ducibility of growth experiments. At such elevated 
temperatures, the evaporated flux can severely attack 
heating and thermoelements of standard furnaces. 
In addition, heating Pt in air to 1300 °C leads to a 
loss of 0.2% weight in 24 h [11] due to formation of 
volatile PtO2, and more importantly, the melt can 
become extremely corrosive at high temperatures, 
rendering crucibles unusable after 1 or 2 growths 
[12]. An extreme example, reflecting the high Pt 
solubility in the SrCl2 melt, is the growth of Sr4PtO6 
crystals of several mm in length from Pt crucibles by 
heating only hydrated SrCl2 to 1150 °C [13]. 
These misconceptions in the growth procedure may 
lead to significant sample issues that in turn manifest 
in the physical properties of these crystals:
Significant variations in the magnetic and transport 
properties of Sr2IrO4 exist among previous reports, 
as well as in those of its n > 1 sister compounds,  
and are assumed to reflect chemical disorder in 
the samples [9]. In particular, non-stoichiometric 
Sr0.94Ir0.78Ox single crystals grown by using a soak 
temperature of 1470 °C [10] were reported to exhibit 
very different magnetic properties from stoichiome-
tric samples [5]. Conflicting crystal growth conditi-
ons for Sr3Ir2O7 have been reported [8, 9, 14].
What is different in our approach?
Our growth conditions for Sr2IrO4 (n = 1), Sr3Ir2O7 
(n = 2) and SrIrO3 crystals also use a SrCl2 flux but 
well below its boiling point. This allowed us to use 
the expensive Pt crucibles over 10–20 times without 
any noticeable damage and to limit corrosion of 
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No anomalies at the ordering temperatures of  
Sr2IrO4 (TN ~ 240 K) and Sr3Ir2O7 (TN ~ 285 K) 
have been detected ruling out impurity contributions 
from those iridium oxides that have been reported 
for other growth protocols in literature [9]. 
A fit of the susceptibility including a constant term 
and a Curie-Weiss term yields relatively low values 
for the temperature independent susceptibility  
χo = 1.6 ⋅ 10−4 emu/mol Oe, the Curie-Weiss tempe-
rature θ = −1.8 (2) K and an effective moment  
μeff = 0.47 μB/Ir. These values are in contrast to a 
previous report for crystals grown using  
Tsoak = 1480 °C, which exhibit χo > 1 ⋅ 10−3 emu/mol Oe 
and “effective moments and Curie-Weiss temperatures 
that are much too large to be physically meaningful” 
[5]. It is worth to mention that the effective moment 
of our SrIrO3 crystals is typical for many other irida-
tes. All of this hints to a higher quality of our SrIrO3 
crystals grown below the boiling point of the flux. 
heating and thermoelements of our furnaces. We 
show that the yield of the different phases strongly 
depends on the nutrient/solvent ratio for fixed soak 
temperature and cooling rate. Single crystals of 
Sr2IrO4, Sr3Ir2O7 and SrIrO3 have been grown in a 
reproducible way using identified and reproducible 
quasi-equilibrium growth conditions. For details on 
the growth procedures, see our original publication.
What are the properties of our crystals and how do 
we confirm that our approach is superior?
The characteristic morphology of the SrIrO3 crystals 
(Fig. 2) is very different to that of layered Sr2IrO4 
and Sr3Ir2O7 (both with tetragonal symmetry lattice) 
reflecting the considerably different structure of 
SrIrO3 (monoclinic). Magnetization data in Fig. 3 
exhibit paramagnetic behavior, with no irreversibili-
ty between field-cooled and zero-field-cooled curves. 
Abb. 2: Drei Varianten Srn+1IrnO3n+1: Die jeweilige Kristallstruktur unter Verwendung eines Kugel-Stab-Modells, sowie Fotografien ausgewählter Kristalle,  
die mit unserem Niedertemperatur-Flussansatz gezüchtet wurden (untere Reihe).
Fig. 2: Three distinct Srn+1IrnO3n+1 variants: Comparison of crystal structure using a ball-and-stick-model (upper row), and photographs of selected  
crystals grown by our low-temperature flux approach (lower row).
Published in
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Abb. 3: SrIrO3-Magnetisierungsdaten. Die Daten für die 
bei Tsoak = 1480°C gezüchtete Kristalle stammen aus [5]. 
Einschub: Inverse Suszeptibilität (blaue Kreise) und Curie-
Weiss-Anpassung (rote Linie) für mit Tsoak = 1210°C im 
Rahmen dieser Arbeit gezüchteten Kristalle.
Fig. 3: SrIrO3 magnetization data. The data for crystals 
grown using Tsoak = 1480 °C are taken from [5].  
Inset: inverse susceptibility (blue circles) and Curie-Weiss 
fit (red line) for crystal grown using Tsoak = 1210 °C. 
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Abb. 1a/b: Einkristall des neuen Granats Eu2PbSb2Zn3O12 
Fig. 1a/b: As-grown single crystal of new garnet Eu2PbSb2Zn3O12 
Granate, die lange Zeit als Halbedelsteine geschätzt 
wurden, sind Gegenstand vieler moderner 
wissenschaftlicher Studien unter anderem in Bezug 
auf Computer-, Energie- und optische Anwendungen 
geworden. Bei Experimenten zur Kristallzüchtung 
am IFF wurde nach chemischer Reaktion mit einem 
geschmolzenen Flussmittel durch einen glücklichen 
Zufall ein neuer Granat mit der Formel Eu2PbSb2Zn3O12 
entdeckt. Gemeinsam mit Kolleg*innen des ITF, der 
TUD und der TUBAF wurden die neuen Granatkristalle 
experimentell und theoretisch auf ihre magnetischen 
und spektroskopischen Eigenschaften untersucht. 
Wir konnten zeigen, dass die Kristalle halbleitende 
Van-Vleck-Paramagnete sind, die durch Eu3+-Ionen 
Photolumineszenz aufweisen.
Garnets, long appreciated as semiprecious gemstones, 
have become the object of many modern scientific 
studies related to computational, energy and optical 
applications. During crystal growth activities at the 
IFF, a new garnet with formula Eu2PbSb2Zn3O12 was 
serendipitously discovered after chemical reaction with 
a molten flux agent. Teaming together with colleagues 
from the ITF, TUD and TUBAF, the new crystals were 
studied experimentally and theoretically for their 
magnetic and spectroscopic attributes. It was found that 
the crystals are semiconducting Van Vleck paramagnets 
with photoluminescence coming from the Eu3+ ions.
Discovery, Crystal Growth, and Characterization 
of a new Garnet 
 
Ryan Morrow, Mihai I. Sturza, Rajyavardhan Ray, Cameliu Himcinschi, Jonas Kern, Philipp Schlender, Manuel Richter, Sabine Wurmehl, Bernd Büchner
What is scientifically interesting about garnets?
Garnets occur in nature most commonly as si-
licate minerals, such as pyrope with formula 
Mg3Al2(SiO4)3. As they tend to have an admirable 
deep red color and naturally well-developed rhom-
bohedral faceting, they have long been treasured as 
semiprecious gemstones for use in jewelry.  Howe-
ver, the garnet crystal structure has considerable 
chemical flexibility, much like other versatile ar-
chetype materials such as perovskites. Numerous 
elements can be substituted into the general formula 
A3B2C3O12, with small tetrahedrally coordinated C 
cations, intermediately sized octahedrally coordi-
nated B cations, and large twisted 8-coordinated A 
cations. Solid state scientists from various disciplines 
have successfully employed the garnet lattice as a 
host for materials design for many purposes inclu-
ding use as battery materials, optical applications, 
and as permanent, quantum, and frustrated magnets 
[1-6]. Their highly variable functionality has made 
them so ubiquitous in solid state science research 
fields that they are often introduced to incoming stu-
dents alongside the spinel, pyrochlore and perovskite 
type structures.
How was the new garnet discovered?
The new crystals were discovered during efforts to 
grow unrelated frustrated magnetic materials. The 
target, at the time, was an ordered variant of the 
pyrochlore structure with the formula Eu3Sb3Zn2O14 
[7]. While trying several different possible chemical 
combinations for use as a molten salt flux to dissol-
ve the material, a common albeit toxic approach of 
PbO:PbF2 was attempted. 5 grams of the targeted 
material were placed into a platinum crucible along-
side 10 grams of each PbO and PbF2. After, tightly 
crimping a Pt lid onto the vessel, it was shelled in 
alumina and placed in a muffle box furnace located 
in a fume hood for safety considerations. After hea-
ting to 1200˚C and holding for 24 hours, the furnace 
gradually cooled to 600˚C – first to melt the flux and 
dissolve the nutrient material and then to gradually 
reduce the solubility with temperature to encourage 
the nucleation and growth of crystals. 
The furnace was then shut off, and allowed to cool, 
before removal of the contents. While the material of 
interest was likely to form as hexagonal layered type 
crystals – platelets perhaps – with a light yellow or 
clear color, the discovered crystals had a deep dark 
red color.  They were relatively large for an unop-
timized approach, and were well faceted and three 
dimensional as shown in Figure 1. While it seemed 
unlikely that these products were related to the 
intended goal, the crystals were attractive enough 
to interest further study. Subsequent diffraction 
experiments on powder and single crystal specimens 
revealed the garnet crystal structure. Elemental 
analysis by electron microscope based spectroscopy 
(EDX) indicated that the elemental ratios (charge 
balanced and normalized to the typical garnet for-
mula) were consistent with the approximate formula 
Eu2PbSb2Zn3O12. It was apparent that an unpredic-
ted reaction of the nutrient with the molten flux me-
dium had produced a new compound incorporating 
lead into the crystallization process. As such a com-
position has never been reported in the literature, 
with only a single known related A3Sb2Zn3O12 type 
compound published decades ago, Gd2BaSb2Zn3O12 
[8], it was decided that the material should be fully 
characterized and reported as a new member of the 
garnet family.
What properties did the new crystals have?
From a simple charge balanced electron counting ap-
proach of the determined formula Eu2PbSb2Zn3O12, 
and chemical experience, it was anticipated that 
the Pb would be in the 2+ oxidation state with 6s2 
valence electrons, the Sb in the 5+ oxidation state 
with a 4d10 valence shell, and Zn in the 2+ oxida-
tion state having a 3d10 shell. With the exception of 
Pb2+ having the possibility of localized stereoactive 
distortions of potential interest, the majority of the 
properties were anticipated to arise from the remai-
ning Eu ions, in the expected 3+ state, with a filled 
4f5/2 -subshell.
The first property of interest was the expectation of 
Van Vleck paramagnetism associated with the Eu3+ 
4f6 state [9]. For this configuration, the spin and 
orbital magnetic contributions offset, resulting in a 
nonmagnetic J = 0 ground state. 
However, at finite temperatures, excited states with 
magnetic contributions are populated, and the tem-
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These results are also corroborated by the deep red 
color, as such a band gap allows for the absorption of 
higher energy photons, but not those corresponding 
to red. A similarly gapped example is the vermillion 
mineral cinnabar.  
Finally, as the crystals hosted a relatively large con-
centration of Eu3+ ions, a highly spectroscopically 
intriguing ion [10], the materials were studied in  
detail in the context of Raman vibrational spectro-
scopy and for photoluminescent activity.
Published in
Discovery, Crystal Growth, and Characterization of 
Garnet Eu2PbSb2Zn3O12
Ryan Morrow, Mihai I. Sturza, Rajyavardhan Ray, 
Cameliu Himcinschi, Jonas Kern, Philipp Schlender, 
Manuel Richter, Sabine Wurmehl, and Bernd  
Büchner, Eur. J. Inorg. Chem. 2020 (26), 2512-2520.
perature dependence of the magnetic susceptibility 
is Curie-Weiss like until plateauing at lower tempe-
ratures. Many Eu3+ bearing compounds have shown 
as much [9], and such a shape was measured for our 
samples as well (Fig 2a).  Figure 3c demonstrated 
how the plateauing of the data set is dependent on 
the spin orbit coupling parameter λ, thereby all-
owing this value to be determined approximately as 
430 K by fitting the model to the data (Fig 3d). 
The low temperature Curie tail was fitted assuming a 
small concentration of Eu2+ magnetic impurity ions, 
approximately 0.1%. Therefore, the assumed oxi-
dation state of the Eu ions from the charge balance 
approach was confirmed.
As the crystals were both transparent and colored, it 
was almost certain that the materials were electroni-
cally insulating. Electronic band structure calculati-
ons done on the material, using the crystal structure 
determined experimentally, predicted a direct band 
gap of 1.92 eV (Fig 3a). We therefore proceeded  
directly to UV-VIS diffuse reflectance spectroscopy 
to measure an assumed band gap. The predicted  
gap proved to be quite accurate, as the data yielded a 
highly complementary band gap of 1.98 eV. 
Abb. 2: Experimentell gemessene magnetische 
Eigenschaften als Funktion von Temperatur (a) 
und Feld (b) und theoretische Modellierung der 
Daten in Übereinstimmung mit Van-Vleck-Para-
magnetismus.
Fig. 2: Magnetic properties measured experimentally 
as a function of temperature (a) and field (b), and 
theoretical modeling (c) and (d) of the data in agree-
ment with a Van Vleck paramagnetism interpretation 
of the data.
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Abb. 3: Berechnete elektronische Bandstruktur (a) und element-projizierte partielle Zustandsdichte (b). Experimentelle Bestimmung der entsprechenden 
Bandlücke durch Kubelka-Munk-Transformation von diffusen UV-Vis-Reflexionsdaten in enger Übereinstimmung mit der berechneten Bandlücke.
Fig. 3: Calculated electronic band structure (a) and element-projected partial density of states (b).  Experimental determination of the corresponding band 
gap by Kubelka–Munk transformation of UV-Vis diffuse reflectance data in close agreement to the calculated gap.
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Abb. 1: Schematische Darstellung eines antiferromagnetischen Drahtes 
mit Helixstruktur als Schlüsselelement in spinelektronischen Bauteilen.
Fig. 1: Schematics of helix-shaped AFM wires as key elements in the 
spintronic devices. 
Antiferromagnete ermöglichen hochfrequente Anregungen 
und sind Schlüsselkomponenten für zukünftige spintroni-
sche und spin-orbitronische Technologien. Hier stellen wir 
das Konzept eines kurvenlinearen Antiferromagnetismus 
vor, bei dem das Anregungsverhalten durch die geomet-
rische Krümmmung passgenau eingestellt werden kann, 
ohne die Materialeigenschaften modifizieren zu müssen. 
Wir zeigen, dass sich ein eindimensionaler Antiferroma-
gnet, dessen intrinsische Struktur keine Händigkeit auf-
weist, durch seine Krümmung wie ein chiraler Helimagnet 
verhält, wobei die Dzyaloshinskii-Moriya-Wechselwirkung 
und Orientierung des Néelvektors durch Änderung seiner 
Geometrie einstellbar sind. Die krümmungsinduzierten 
DMIs bewirken eine Hybridisierung der Spinwellenmoden 
und erzeugen ein lokales Mininum in einem niederfrequen-
ten Anregungszweig.
Antiferromagnets support high frequency excitations and 
are key enablers of the prospective spintronic and spin-or-
bitronic technologies. Here, we propose a concept of a cur-
vilinear antiferromagnetism where material responses can 
be tailored by a geometrical curvature without the need to 
adjust material parameters. We show that an intrinsically 
achiral one-dimensional (1D) curvilinear antiferromagnet 
behaves as a chiral helimagnet with geometrically tunable 
Dzyaloshinskii-Moriya interaction (DMI) and orientation of 
the Néel vector. The curvature-induced DMI results in the 
hybridization of spin wave modes and enables a geometri-
cally driven local minimum of the low-frequency branch.
Curvilinear One-Dimensional Antiferromagnets
 
Kostiantyn V. Yershov, Denys Y. Kononenko, Oleksandr V. Pylypovskyi1, Ulrich K. Rößler, Artem V. Tomilo2, Jürgen Fassbender1, Denys Makarov1, 
Denis D. Sheka2, Jeroen van den Brink
Geometry-induced effects in magnetism
Recent advances in the fabrication of curvilinear 
magnets [1] raises the question of the influence of 
curvature on magnetization. For spintronic devices 
based on the controlled dynamics of topological 
solitons, the geometrically induced potentials arising 
from curved shapes gain practical importance. For 
example, designs of these devices require wires with 
curvilinear segments, e.g. vertical U-shaped configu-
ration increases the storage density of the potential 
magnetic racetrack memory devices [2].
For ferromagnets (FMs) chiral responses in nano-
wires and thin films can be tailored by using cur-
vilinear geometries [3]. This framework, known as 
curvilinear magnetism [4], allows induction of ma-
gnetochiral effects in otherwise conventional achiral 
FMs. Magnetic interactions containing spatial de-
rivatives, e.g. symmetric and asymmetric exchange 
(DMI), are sources of new effective interactions on 
curvilinear surfaces [5], namely effective anisotropy 
and antisymmetric exchange, the effective DMI. In a 
similar way, the intrinsic DMI is a generator of effec-
tive anisotropy [6]. These interactions do not rely on 
any specific modification of the intrinsic magnetic 
material properties, but are necessarily present due 
to the shape of the magnetized specimen. The sym-
metry of the emergent interactions depends on the 
symmetry of the curvilinear surface and the sym-
metry of the magnetization structure. The effective 
curvature-induced anisotropy and DMI result in a 
curvature-driven magnetochiral effect, topologically 
induced magnetization patterning [3]. In contrast to 
FMs, no theory of curvilinear antiferromagnetism 
was available to date [7]. 
Geometry enriches the physics of antiferromagnets
In order to study the curvature-induced effects in 
statics and dynamics of 1D antiferromagnet (AFM) 
we consider a classical spin chain taking into ac-
count the antiferromagnetic nearest-neighbor 
exchange and dipolar interaction. We assume that 
the positions of all magnetic sites are described by 
a space curve γ(s) characterized by the curvature 
ϰ(s) and torsion σ(s) [we considered helix geometry 
with constant radius and pitch, see Figure 2(b)]. 
Here s is an arc-length coordinate. The counterpart 
of the discrete model is formulated on the basis of 
two vector fields, namely, the total magnetization 
m(s)=(μI+μII)/2 and Néel vector n(s)=(μI-μII)/2.  
The fields μI,II correspond to the two sublattices of 
the antiferromagnet. In the long-wave approxima-
tion (n≫m) the 1D AFM can be describe only by the 
unit vector n with energy density
E = EX+EDM+EA+(n·eT)2,
EX = nα’nα’, EDM = Fαβ(nαnβ’-nα’nβ), EA=Kαβnαnβ.
Here prime denotes to the derivative with respect to 
the dimensionless coordinate, Fαβ is the Frenet ten-
sor, which has four nonzero components F12=-F21=ϰ 
and F23=-F32=σ. Tensor Kαβ=FαλFαλ is a curvatu-
re-induced anisotropy. For rectilinear systems, the 
model (1) results in the following features:  
(I) antiferromagnet can be described as hard-axial 
system with tangential hard-axis eT;  
(II) there is only one equilibrium state;  
(III) low-frequency branch in the magnon spectrum 
is gapless. The curvature changes all of these well 
known features.
The nontrivial geometry of the wire result in the 
appearance of the geometry-induces effective DMI 
term, which can be presented as EDM=d·[n x n’], 
where d=2σeT+2ϰeB is an effective DMI vector, see 
Figure 2(a). This DMI corresponds to the full set 
of Lifshitz invariants, allowed in a 1D magnet. The 
DMI vector d is linear with respect to curvature 
and torsion which allows strong chiral effects in 
curvilinear 1D AFMs. For instance, in the case of a 
Mn-DNA chain (A-DNA form) bent to the radius of 
15 nm, the |d| is about 0.05. This value is compara-
ble with the intrinsic chiral properties of KMnF3. In 
addition to the linear in curvature and torsion DMI 
terms, there are weaker bilinear terms, representing 
a curvature-induced anisotropy EA with coefficients 
∝ ϰ2, σ2, ϰσ. This curvature-induced anisotropy 
results in the appearance of a secondary easy axis e3, 
which is perpendicular to the main hard axis e1 see 
Figure 2(a). As a result, intrinsically achiral curvili-
near AFM spin chain behaves as a chiral helimagnet 
with a geometrically tunable DMI and a biaxial 
anisotropy.
As a biaxial chiral helimagnet, helix spin chains 
[Figure 2(b)] support homogeneous and periodic 
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anisotropy, ΩHFgap≈Ω0+(ϰ2–σ2)/2. In contrast, there 
is a strong qualitative impact of the curvature on 
the low frequency branch. While it is gapless for a 
straight system, the gap ΩLFgap≈ϰ appears for any 
finite curvature, see Figure 3(a). Additionally, the 
curvature-induced DMI results in the emergence of 
a region with a negative group velocity followed by 
a local minimum at k=kmin on the dispersion curve 
with the depth δ, see Figure 3(b). The depth of the 
minimum increases with curvature and torsion, 
see Figure 3(c). The possibility to realize magnon 
ground states not in equilibrium (k≠0 at minimum 
energy) renders curvilinear 1D AFMs a flexible plat-
form to study coherent excitations for spin superflui-
dity and Bose-Einstein condensation of magnons.
Our theoretical study establishes curvilinear AFMs 
as a promising platform for the realization of geome-
trically tunable chiral antiferromagnets. In particu-
lar, synthesis of the curved AFMs with predefined 
geometrical parameters may endow such wires with 
novel functionalities for antiferromagnetic spintro-
nic and spin-orbitronics.
equilibrium states dependent on the strength of the 
curvature-induced DMI, see Figure 2(c)-(g). For the 
homogeneous state, the Néel vector is aligned along 
the easy axis e3, see Figure 2. In the periodic state, 
the Néel order parameter is quasi-uniform in the 
plane perpendicular to the helix axis and modulated 
in the local reference frame, see Figure 2(f)-(g). The 
emergence of the periodic state is a consequence of 
the geometry-induced DMI.
Let us consider the linear dynamics of the Néel order 
parameter in the 1D systems. It is known that in the 
rectilinear systems the dispersion is characterized by 
two branches, i.e. gapless low-frequency branch and 
gaped high-frequency branch with gap value Ω0=1 
measured in units of the uniform AFM resonance. 
The non-trivial geometry results in the modification 
of this spectrum, i.e. dispersion of the curvilinear 1D 
AFM is similar to flat biaxial AFMs with intrinsic 
DMI and remains symmetric with respect to the sign 
of the momentum k. The high-frequency branch 
is always gapped and the change of the geometry 
affects only the gap due to the curvature-induced  
Abb. 2: (a) Schema einer antiferromagnetischen Spinkette γ(s) mit magnetischen Untergittern μI und μII. Der DMI-Vektor d liegt in der TB-Ebene, die durch TNB aufgespannt 
wird. Harte und weiche Anisotropieachsen sind mit e1 bzw. e3 gekennzeichnet. (b) Helix-Spinkette mit Radius R und Ganghöhe P. (c) Diagramm der Gleichgewichtszustände 
einer Helix-Spinkette. Schematische Darstellung der homogenen (d,e) und periodischen (f,g) Zustände im TNB-Referenzrahmen.
Fig. 2: (a) Schematics of the AFM spin chain γ(s) with magnetization sublattices μI and μII. The DMI vector d lies in the TB plane given by the TNB basis. Hard and easy aniso-
tropy axes are labeled by e1 and e3 , respectively. (b) Helix spin chain with radius R and pitch P. (c) Diagram of equilibrium states for a helix spin chain. Schematics of the (d,e) 
homogeneous and (f,g) periodic states in the TNB reference frame.
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Abb. 3: (a) Dispersion der Spinwellenanregungen einer antiferromagnetischen Helix-Spinkette mit σ=0.1 und ϰ=0.6. Der Hintergrund zeigt das Ergebnis einer Gittersimulation 
als farbkodierte Karte. (b) Dispersion der Spinwellen und Simulationen für ϰ=0.9 und σ=0.6. Die Tiefe des Anregungsminimums im akustischen Zweig ist mit δ bewertet. (c) 
Das Anregungsminimum δ für verschiedene Werte der Krümmung und der Torsion im homogenen Grundzustand (unterhalb der roten Linie). Gestrichelte Linien bezeichnen 
das Fehlen eines Minimums.
Fig. 3: (a) Spin-wave dispersion for helical AFM spin chains with curvature ϰ=0.6 and torsion σ=0.1. The result of simulations is shown by the background colormap. (b) Spin-
wave dispersion and simulations for ϰ=0.9 and σ=0.6. The depth of the minimum in the acoustic branch is shown by δ  (c) The depth δ for different curvatures and torsions 
within the homogeneous ground state (below red line). Dashed line corresponds to the absence of minimum.
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Im Allgemeinen sind Magnetismus und Supraleitung 
antagonistisch zueinander. Es gibt jedoch mehrere 
Familien von Supraleitern, in denen Supraleitung 
mit Magnetismus koexistiert. So sind einige 
Beispiele bekannt, bei denen die Supraleitung selbst 
spontanen Magnetismus induziert. Die geläufigsten 
Verbindungen dieser Art sind Sr2RuO4 und einige nicht-
zentrosymmetrische Supraleiter. Hier zeigen wir, dass 
der supraleitende Zustand der Verbindung Barium-
Kalium-Eisen-Arsenid (Ba1-xKxFe2As2 (0.7 ≲ x ≲ 0.85)) 
die spontane Zeitumkehrsymmetrie aufbrechen kann, 
selbst wenn supraleitende Wechselwirkungen für sich 
genommen alle Symmetrien bewahren. Das kann 
vielversprechend für die Anwendung dieser Materialien in 
der supraleitenden Elektronik sein.
In general, magnetism and superconductivity are 
antagonistic to each other. However, there are several 
families of superconductors in which superconductivity 
coexists with magnetism, and a few examples are known 
where the superconductivity itself induces spontaneous 
magnetism. The best known of these compounds are 
Sr2RuO4 and some non-centrosymmetric superconduc-
tors. Here, we report the finding of a narrow dome of an 
s+ is superconducting phase with a broken time-reversal 
symmetry (BTRS) inside the broad s-wave superconduc-
ting region of the centrosymmetric multiband supercon-
ductor Ba1-xKxFe2As2 (0.7 ≲ x ≲ 0.85). Furthermore, this 
broken time-reversal symmetry appears very close to the 
change in the topology of the Fermi surface, this disco-
very directly demonstrates the emergence of a novel 
quantum state due to the topological changes.
Superconductivity that breaks time reversal symmetry: 
when looking back in time is different from looking forward into the future
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Abb. 1: Schematische Darstellung: Topologieänderung der Fermi-Fläche am Lifshitz-Übergang (xL) der Verbindung Ba1-xKxFe2As2 mit möglichen s-welligen supraleiten-
den Zuständen.
Fig. 1: Schematic of the change of the topology of the Fermi surface at the Lifshitz transition (xL) in the Ba1-xKxFe2As2 system with possible s-wave superconducting states.
What is symmetry? 
In everyday life, we use this word quite often in re-
lation to the mirror reflections to describe the visual 
similarity between the left and right sides of the ob-
served objects. Sometimes one can encounter more 
complicated examples such as the rotational sym-
metry of ornaments and flowers, translation sym-
metries of grids, and honeycomb patterns. When it 
comes to the description of nature using the mathe-
matical language symmetry is generally understood 
as a certain invariance of physical laws. For exam-
ple, the invariance with respect to the coordinate 
transformations can be understood by studying the 
behaviour of rotated or translated physical objects. 
Such symmetries are intuitively connected to our 
everyday life experiences. 
There is, however, a much more sophisticated 
concept of time reversal symmetry, which has been 
attracting philosophers and scientists for a long time. 
Time reversal is the cornerstone element of many 
physical theories. Intuitively one can imagine the 
time-reversed behaviour by taking a video recording 
of some system and then playing the film backward. 
However, in certain interesting cases, this intuition 
fails and the system can be expected to behave dif-
ferently under the hypothetical reversal of the time 
arrow direction. For example, broken time reversal 
symmetry leads to a fundamental difference between 
particles and antiparticles.  
The Mexican hat
How one can achieve this unusual behaviour under 
the conditions when all the physical laws are time 
reversal invariant? The answer to this question can 
be generally formulated using another important 
physical concept of spontaneously broken symme-
tries. This means that a physical system described by 
symmetrical laws and satisfied to symmetrical initial 
conditions may have asymmetric steady states. An 
example is a ball moving in a cylindrically symme-
tric basket having the shape of “Mexican hat” with a 
central convex dome and a surrounding valley. The 
ball put on the very top of the dome will eventually 
roll down into the valley to minimize the potential 
energy. The stable ball position at the bottom of the 
valley breaks the cylindrical symmetry of the basket 
shape. In this example, the broken symmetry is 
qualitatively similar to that which is spontaneously 
broken by an ordinary superconducting state. In 
more exotic cases, the “basket” can have more com-
plicated geometry allowing for additional broken 
symmetries, which correspond to the unconventio-
nal superconducting states.  
Typically, the additional symmetry is a rotational 
symmetry of the crystalline lattice. However, in 
some cases, a superconductor can also break spon-
taneously the time reversal symmetry. It means that 
the superconductor would behave fundamentally 
differently if time is reversed. In other words, there 
are two stable positions of a “ball in a basket” related 
to each other by the time reversal transformation.   
Superconductivity that breaks time reversal symmetry
How one can experimentally confirm that a supercon-
ducting sample breaks the time reversal symmetry?
It is shown that the observable clues are the dissipa-
tionless currents and magnetic fields produced by 
them, which appear spontaneously below the super-
conducting transition temperature Tc. An example 
of the field-current distribution in the superconduc-
tor investigated in this work is shown in Figure 2 
for two possible domains, namely an s + is and an 
s - is. These domains are distinguished by a reversed 
direction of the magnetic fields and currents. It is 
important that an s + is domain may be converted 
to an s - is one by inversion of time in the equations 
describing these states. Therefore, physicists say that 
such a superconductor breaks spontaneously time 
reversal symmetry.  
Why the state with broken time reversal symmetry 
is unusual for a superconductor? The most famous 
property of a superconductor is that it can carry a 
current without dissipation. However, less known 
that this is related to the fact that a superconductor 
is an ideal diamagnet, meaning that any magnetic 
field is expelled from a bulk of a superconductor. 
This property makes superconductor antagonistic to 
any type of magnetism.
In this study, it is experimentally demonstrated that 
the superconducting state of the metallic compound 
Ba1-xKxFe2As2 can break spontaneously time rever-
sal symmetry even in the case when superconduc-
ting interactions by itself preserve all symmetries. 
Theoretical analysis demonstrates that in a narrow 
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material and the conditions for emerging this novel 
type of a magnetic superconductor. The resulting 
phase diagram is shown in Figure 3. It is expected 
that these materials will find their application in fu-
ture superconducting electronics. The results of this 
study are published in Nature Physics.
range of potassium substitution level two different 
superconducting states in this compound compe-
te for the same electrons. This competition results 
in the formation of a two-component s + is / s - is 
superconducting state. The study uncovers the 
relationship between the electronic properties of the 
Abb. 3: Die Struktur eines spontan erzeugten Magnetfelds (linke Seite) und der spontanen Ströme (rechte Sei-
te), die durch eine sphärisch-symmetrische Inhomogenität innerhalb der supraleitenden Zustände s + is und 
s - is erzeugt werden. Die roten und blauen Pfeile zeigen die Richtung des Magnetfeldes und der Ströme, die im 
s + is und s - is Zustand entgegengesetzt sind. Die Längenskala in den Achsen ist in Einheiten der nulltempera-
tursupraleitenden Kohärenzlänge angegeben.
Grafik: Dr. Mikhail Silaev, Univ. of Jyväskylä, Finnland.
Fig. 3: The structure of the spontaneous magnetic field (left panels) and spontaneous currents (right panels) 
produced by a spherically-symmetric inhomogeneity within s + is and s - is superconducting states. The red 
and blue arrows show direction of the magnetic field and currents, which are opposite in the s + is and the 
s - is states. The length-scale in the axes is given in units of the zero-temperature superconducting coherence 
length. Figure: Dr Mikhail Silaev, Univ. of Jyväskylä, Finland.
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Abb. 2: Phasendiagramm, linke Achse: Dotierungsabhängigkeit der supraleitenden Übergangstemperatur Tc und der Onset-Temperatur TBTRS des BTRS-Zustands. Rechte 
Achse: Dotierungsabhängigkeit des Sommerfeld-Koeffizienten (γn). Ausgefüllte Symbole: Daten aus dieser Arbeit; unausgefüllte Symbole: Daten aus der Literatur
Fig. 2: Phase diagram, Left axis: doping dependence of the superconducting transition temperature Tc and the onset temperature TBTRS of the BTRS state. Right axis: 
doping dependence of the Sommerfeld coefficient (γn). Filled symbols: data from this work; open symbols: data taken from the literature
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Funktion durch 
Nanoskaligkeit
Dieses Forschungsgebiet befasst sich mit Materia-
lien, deren Eigenschaften aus strukturellen Anord-
nungen im Nanomaßstab resultieren: Dazu gehören 
Nichtgleichgewichts- und nanostrukturierte Legie-
rungen, aufgerollte Nanomembranen und Mikro-
motoren sowie thermoelektrische Materialien. Die 
Funktionalität dieser Materialien hängt entschei-
dend von der Größe ihrer Partikel und von Oberflä-
cheneffekten ab. Viele Materialeigenschaften ändern 
sich beim Übergang vom makroskopischen über den 
mikroskopischen zum nanoskopischen Maßstab. 
Das wird in nanostrukturierten Legierungen deut-
lich, die für Anwendungen als Biomaterialien und 
als hochfeste Werkzeuge entwickelt werden. 
Ein weiterer Schwerpunkt sind elastische oder 
aufgerollte Nanomembranen, die in einer neuen 
Generation von flexiblen und kompakten On- und 
Off-Chip-Bauelementen eingesetzt werden.  
Das Forschungsgebiet 2 umfasst weiterhin die Ent-
wicklung neuer thermoelektrischer Materialien: 
Durch Nanostrukturierung und den Einsatz speziel-
ler Legierungen soll die Effizienz thermoelektrischer 
Bauelemente erhöht werden, um das Anwendungs-
potential zu erweitern. All diese Themen beleuchten 
die Struktur, die chemische Zusammensetzung und 
die physikalischen Eigenschaften von Materialien 
auf unterschiedlichen Längenskalen. Die Forschung 
wird von der intensiven Vernetzung interdisziplinä-
rer Teams aus den Bereichen Materialwissenschaft, 
Elektroingenieurwesen, Physik und Chemie getragen.
Function through size
This Research Area comprises research on materials 
with properties arising from structural arrange-
ments at nanoscale. These are non-equilibrium and 
nano-structured alloys, rolled-up nanomembranes 
and micromotors, as well as thermoelectric mate-
rials. The functionality of these materials decisively 
depends on the size of their particles and on inter-
faces. This is evident in nanostructured alloys that 
are developed for applications as biomaterials and 
as high-strength tools. Another focus is on elastic 
or rolled-up nanomembranes which will be exploi-
ted in conceptually new generations of flexible and 
compact on- and off-chip devices. Shape, size and 
interfaces also determine the fundamental properties 
of nanomagnets, which may find use in magnetic 
probes and data storage elements.  
We also address the improvement of new thermo-
electric materials, e.g. special alloys, and the vari-
ous capabilities of nanostructuring show enhanced 
efficiency and promise new applications. All research 
efforts are cross-linked by common methodologi-
cal approaches and interests, which shed light on 
the structure, chemical composition and physical 
properties of materials at different length scales. The 
research area relies on the expertise of an interdisci-
plinary team of materials and electrical engineers, 
physicists and chemists and deals with the unique 
mechanical and functional properties of materials 
as they or their constituents change from macro-, to 
micro- and nanoscopic sizes.
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In Zusammenarbeit mit der Universität Osaka wurden am 
IFW Dresden künstliche elektronische Häute (E-Skins) für 
Robotik- und Wearable-Anwendungen entwickelt. Diese 
Häute basieren auf einer großen Anzahl von Sensorele-
menten, die in einer hochintegrierten Matrix aus flexiblen 
Bauteilen auf einer weichen und rekonfigurierbaren Ober-
fläche angeordnet sind. Ähnlich wie die natürliche Haut 
nimmt diese E-Skin physikalische Interaktionen zwischen 
Objekten und einem Roboter oder Menschen wahr. Die 
E-Skin ist durch die flexiblen Magnetsensoren in der Lage, 
Magnetfeldverteilungen abzubilden, welche die relative 
3D-Position und Bewegung von magnetischen Objekten
 in Echtzeit kodieren. Diese Entwicklung birgt großes 
Potenzial für die drahtlose Mensch-Maschine-Interaktion 
und kann durch ihre magnetosensitven Erkennungsfähig-
keiten zukünftig in der Soft-Robotik und in biomedizini-
schen Systemen zur Anwendung kommen.
Abb. 1: Handelsübliches Display mit einem externen, festen Siliziumtreiber. Dieser ermöglicht eine pixelgenaue Kommunikation 
und stellt die Schnittstelle zur externen Elektronik dar.
Fig. 1: Commercial display with an external rigid silicon driver used to address individual pixels of the display and provide a communication interface 
to the external electronics.
Together with the University of Osaka the Leibniz IFW 
Dresden developed artificial electronic skins (e-skins) 
for robotic and wearable applications. These skins rely 
on a large number of sensor elements arranged into a 
highly integrated matrix of flexible devices on a soft and 
reconfigurable surface. Similar to natural skin, this e-skin 
senses physical interactions between objects and a robotic 
or human being. Such an e-skin integrated with flexible 
magnetic sensors organized into a matrix is capable of 
mapping magnetic field distributions, which encode the 
3D relative position and motion of magnetic objects in 
real-time. Autarkic e-skin has a great potential for wireless 
human-machine interaction with application potential in 
soft robotics and biomedical systems, which will benefit 
from the magnetosensitive detection capabilities.
Magnetosensitive artificial skin using matrix system
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Over the last decade, flexible sensorics have emer-
ged as key components for various novel concepts 
in robotic,[1] wearable,[2] bio-integrated and future 
consumer electronics.[3] These applications rely on 
motile and interacting objects and are often operated 
on surfaces that are not persistent in their shape. 
Therefore, it is crucial to integrate sensors that can 
provide information on relative positions, distan-
ces, motion and directions of interacting parts of a 
flexible electronic system. Magnetic field sensors are 
typically employed to serve these tasks triggering the 
recent development of a new flexible form of ma-
gnetic sensorics,[4-7] which was introduced in line 
with significant advancements in flexible electronics.
[8-10] This state-of-the-art flexible and ultrathin im-
perceptible electronics have been created directly on 
thin and ultrathin polymeric membranes, providing 
diverse functionalities while being surface compli-
ant, wear-proof and light-weight. 
The high surface quality of these polymeric mem-
branes are key to realize flexible, stretchable and, 
as a result, imperceptible magnetoelectronics with 
extreme stability against literally any kind of de-
formation.[4] Genuine mechanical performance, 
namely conformability to free surfaces and reliability 
during operation has an intriguing potential as posi-
tion control systems for soft robots, wearable arti-
ficial skins and textiles, touchless human-machine 
interfaces. Despite the significant progress in flexible 
and imperceptible electronics, advanced flexible 
magnetic systems that integrate individual magnetic 
sensors and electronics has been demonstrated only 
very recently.[10]
In order to capture spatially distributed physical 
quantities in real time, most applications require an 
increasing number of sensors distributed over large 
areas on free surfaces. Numerous sensors organi-
zed in an array require an efficient on-site sensor 
scanning mechanism in order to avoid an excessive 
number of interconnects, which would lead to inac-
ceptable limitations in array dimensions and reliabi-
lity. In conventional electronics, the commutation of 
each of the array elements to the external read-out 
circuitry is driven by active matrix drivers, which are 
complex circuits that are usually implemented wit-
hin rigid silicon dies. In large area electronics, such 
as displays or sensor arrays, a separate matrix driver 
(Figure 1) addresses each element via thin-film 
transistors, which are located directly in the matrix 
cells (pixels). Such a thin-film active matrix imple-
mented in a flexible or imperceptible form would 
lose its mechanical performance when a rigid silicon 
die is used as the driving circuit. To remain compa-
tible with novel flexible concepts, both, the sensor 
array and the respective electronic circuitry must be 
imperceptible and should be integrated on the same 
flexible platform. Moreover, large arrays consume 
substantial power, leading to short operating times 
when autonomously powered. The energy sources 
additionally set low voltage supply requirements, 
which is especially challenging for organic electro-
nics usually operating at high potentials.
The Leibniz IFW Dresden with cooperation part-
ners from Osaka (Japan) demonstrate[11] a fully 
functional imperceptible electronic system, which 
integrates all the necessary components required for 
the operation of an active magnetosensoric matrix 
device. The magnetosensoric matrix system inclu-
des thin-film giant magnetoresistive sensors and 
electronics based on organic p-only-type field effect 
switching transistors, shift registers and amplifiers 
(Figure 2). Equipped with a battery and a wireless 
communication module, this low power system 
implements magnetic e-skin in a fully autarkic way 
(Figure 3). An ultrathin polymeric substrate and 
encapsulation allows this magnetosensitive elect-
ronic membrane to be readily worn on-skin while 
ensuring intimate contact, stable operation and 
compliant adaption during any distortions caused 
by natural motion. Imperceptible electronics feature 
excellent functional stability versus severe deforma-
tions such as bending, wrinkling and crumpling. 
The highly compliant character of the system can be 
seen in Figure 2, where the magnetosensory system 
is folded over a thin copper wire with a radius of 145 
µm and subsequently crumpled into a ball of finger-
tip-size without any impact on the functionality of 
the electronic circuits.  During the development we 
overcame several challenges associated with manu-
facturing technologies and circuit design based on 
organic p-only-type semiconductors, which enabled 
low power, high-speed operation and virtually any 
number of elements that can be integrated within 
such an array.
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The system is capable of mapping the magnetic field 
in two dimensions with high precision and accu-
racy. It has the most imperceptible and functional 
system design to date, including a word-line scan-
ner, a common source amplifier and the ability to 
work at a low supply voltage below 4 V at a relatively 
high speed of 100 Hz. We believe that this develop-
ment will pave the way for a new generation of 
flexible electronics for use in e-skins, soft robotics 
and biomedical applications. As an example, we in-
tegrated the device with a wireless communication 
module and demonstrated the potential application 
of this system as an autarkic wireless motion sensor 
on skin.
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The developed imperceptible low-voltage magnetic 
sensor matrix, consisting of 2×4 GMR sensors, a 
bootstrap organic shift register, and organic ampli-
fiers. The sensor matrix is driven for the first time by 
the bootstrap organic shift register and the detected 
signals are amplified by the organic amplifiers. 
We have successfully demonstrated the first organic 
p-type semiconducting high-performance bootstrap 
shift register with excellent electrical performance, 
high operation speed, low driving voltages (4V). 
The circuit consumes few orders of magnitude lower 
static power (0.8 nW) than conventional designs, 
while the dynamic power consumption (8.8 µW) 
is equivalent to the stand-by power dissipation of 
other systems. This is achieved mainly by the shift 
register design where the only active stage consumes 
power required for charging of boost capacitance 
and superseding the DC power losses. Hence, the 
static power dissipation depends only on the leak 
current from the gate of the switching transistors. 
High speed and ultralow power operation make this 
design particularly attractive for flexible and im-
perceptible active sensor matrix systems in general. 
The integration of flexible GMR sensors operating 
at low-voltages in combination with highly reliable 
OTFTs enables the realization of an imperceptible, 
wearable and autonomous battery powered system. 
The presented system represents a new level of 
complexity and functionalization in terms of system 
integration for imperceptible electronic platforms. 
Abb. 2: Nicht spürbare magnetische Aktivmatrix-E-Haut mit der Schaltung, die in einem monolithischen Mikrofabrikationsprozess im Wafermaßstab (50 x 50 mm2) auf einem 
1,5 µm dicken Parylensubstrat hergestellt wurde. Das Bauteil ist robust genug, um mit einem Krümmungsradius von nur 145 µm gebogen zu werden. Es kann zerknittert 
werden, ohne dass dies Auswirkungen auf die elektrische Leistung hat. [11]  
Fig. 2.: Imperceptible active matrix magnetic e-skin with the circuit fabricated in a single wafer scale (50 x 50 mm2) monolithic microfabrication process on 
a 1.5 µm thick parylene substrate. The device is robust enough to be bent with a curvature radius as small as 145 µm, and can be crumpled without any impact on the elect-
rical performance of the device. [11]
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Abb. 3: Visualisierung des autarken Betriebs der kabellosen magnetosensorischen E-Skin, die in der Lage ist, 
die magnetosensorische Matrix anzusteuern und Signale von einem 2x4 magnetischen Sensorarray zu empfangen, 
das von einem nahe gelegenen Magneten beeinflusst wird. [11]   
Fig. 3: Visualization of the autarkic operation of wireless magnetosensory e-skin that is able to drive the 
magnetosensory matrix and receive signals from a 2x4 magnetic sensor array affected by a nearby magnet. [11]   
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Abb. 1: Zwei selbständige, drahtlos betriebene Robotersysteme.Diese Systeme 
können mit mehreren verschiedenen Funktionalitäten ausgestattet werden. 
Fig. 1: Two autonomous wirelessly powered robotic systems integrating several 
functionalities onboard. 
Das IFW Dresden arbeitet in Kooperation mit der TU Chemnitz 
an der Entwicklung von künstlichen, frei beweglichen und 
autonomen Mikrosystemen. Diese Systeme sollen zukünftig 
innovative Anwendungen wie Fernerkundung, Aktorik und 
Kommunikation auf der Mikroskala ermöglichen. Dafür 
müssen sowohl starre als auch flexible Mikro- und Nanokom-
ponenten geschickt miteinander kombiniert werden. Für 
die Umsetzung komplexer Anwendungen sind in der Regel 
mikroelektronische Schaltungen, Motoren, Aktuatoren, Sen-
soren, Steuerungen und Stromversorgungen erforderlich. 
Das IFW Dresden hat gezeigt, dass solche Systeme erstmals 
durch drahtlose Energie an Bord gesteuert werden können 
und damit die beiden Schlüsseleigenschaften Fortbewegung 
und Antrieb autark ermöglicht werden. Diese Erfolge sind die 
ersten Schritte auf dem Weg zu frei beweglichen, flexiblen 
Mikrosystemen mit monolithischer Integration von Schaltun-
gen und elektronischen Komponenten.
In close collaboration with the TU Chemnitz, the IFW Dresden 
works on artificial tetherless motile micro-autonomous 
systems. These systems are envisioned to provide promising 
innovative applications such as remote sensing, actuation and 
communication at the microscale. To reach this ambitious 
goal, rigid and flexible micro- and nano-components should 
be integrated in a clever way. Microelectronic circuits, 
engines, actuators, sensors, controllers and power supplies 
are normally required to implement complex missions. 
The IFW Dresden demonstrated that such systems can be 
controlled by on-board wireless energy for the first-time 
providing locomotion and actuation, two of the key features. 
These achievements are the first steps towards motile flexible 
micro-autonomous systems with monolithic integration of 
circuits and electronic components on board.
Flexible and Multi-Functional Motile Microelectronic System  
Assisted by On-Board Wireless Power
Vineeth K. Bandari, Yang Nan, Daniil Karnaushenko, Yu Hong, Bingkun Sun, Friedrich Striggow, Dmitriy D. Karnaushenko, Christian Becker, Maryam Faghih, 
Mariana Medina-Sánchez, Feng Zhu, Oliver G. Schmidt
Inspired by biological processes, the IFW Dresden 
has explored 3D self-assembly in recent years to 
address the limitations of current manufacturing 
technologies with the vision to make a big next 
step in the large-scale manufacturing of complex 
microsystems. In contrast to traditional fabrication 
processes, the 3D self-assembly process is envisio-
ned to ultimately be hierarchical, parallel, scalable, 
and capable of generating complex 3D geometries 
possessing various mechanical, electrical, optical, 
and chemical functionalities. Micro- and nanoscale 
3D architectures [1–3] can be then ultimately applied 
to construct artificial tetherless micro-autonomous 
systems for applications in the fields of robotics [4, 
5], bioengineering [6], drug delivery [7], assisted 
reproduction technologies [8] to name a few. One 
promising archetype10 of a motile micro-autono-
mous system would be a highly integrative flexible/
deformable micro-/nanosystem consisting of several 
key components, including engines as self-propelling 
motors, functional structures to implement a mission 
such as drug delivery, controllers to execute instructi-
ons, and energy on board to power these components 
(Figure 1). The IFW Dresden designed and fabricated 
[9] in close colaboration with TU Chemnitz such a 
flexible motile twin-jet-engine micro-autonomous 
system assisted by on-board wireless power. Twin-
tube structures connected by a spacious flat area are 
created by shapeable polymeric nanomembranes [10, 
11] constituting a monolithic platform to integrate 
micro-engines, electronic circuits, light emitting 
diodes and robotic arms. By harvesting the electro-
magnetic fields from the surrounding transmitters, 
energy can be wirelessly transferred to the cataly-
tic tubular micro-engine and a thermo responsive 
micro-arm, altering the locomotion direction of the 
micro-autonomous system and performing grasp-
release tasks. The flexible, yet mechanically durable 
properties render the micro-system able to recover 
instantly from an entirely pinched status.
There are two promising features which are not 
achievable by single-tube engines or other reported 
micro-engines: 
I) the platform bridging the two tubular engines pro-
vides sufficient room to place circuits and devices, 
enabling smart functionality, for instance, steering of 
the micro-systems, chemical detection, and remote 
power supply; 
II) the system offers the possibility to address indi-
vidual entities in a swarm, for instance, when radio 
frequency circuits are used. Furthermore, the system 
generates more powerful propulsion. By decreasing 
the random disturbance of gas bubbles from each 
engine, the locomotion is more stable. The creation 
of such a system including circuit integration will 
be an important step towards the development of 
powerful and multifunctional motile micro-auto-
nomous systems. Two rolled-up micro-catalytic 
engines with optional heating wires are integrated 
into one micro-system, providing stable and fast 
locomotion (Figure 2). A “zero pitch” receiver coil is 
fabricated on the robust polymeric platform between 
the two engines. By inductive coupling between 
the external transmitter and receiver coil on board, 
energy is wirelessly transferred to the system heating 
up the selected resistive wire which is firmly embed-
ded within one of the catalytic engines. By remotely 
controlling the “on” and “off ” state of the wireless 
energy transfer, a wirelessly and actively steered sys-
tem is successfully realized. Miniaturized electronic 
devices integrated on board, for instance an infrared 
light-emitting diode was driven and controlled by 
the wireless energy. Additional functionalities such 
as grasp-release was also be realized by integrating 
thermoresponsive polymeric micro-arm structures 
into the micro-system. The polymer layer in the mi-
cro-arm can swell and shrink depending on the local 
temperature controlled by inductive heating.
Steering and turning the microrobot can be achieved 
by controlling the generation and ejection rate of gas 
microbubbles from one of the two micro-engines, 
which is realized by actively and remotely control-
ling the “on” and “off ” state of the wireless energy 
transfer. The locomotion of the systems was investi-
gated in water/hidrogen peroxide solution. As soon 
as the catalytic engine is heated up by activating the 
wireless energy transfer, a faster O2 production takes 
place. This leads to higher thrust in the left engine, 
turning the system. Circular motion is achieved by 
maintaining the wireless energy transfer for several 
seconds. When the wireless power transfer is deacti-
vated, the tubular engine cools down and the system 
returns to a steady linear motion. Therefore, by acti-
vating and deactivating the wireless energy transfer 
(Figure 3), the locomotion can be controlled and a 
simple non-linear trajectory is realized. By applying 
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Abb. 2: Schematische Darstellung vom Aufbau mit den einzelnen Komponenten des zweimotorigen künstlichen, mikroautonomen Systems sowie  
eine Abbildung von der Umsetzung der Konstruktion. [9] 
Fig. 2: Schematic illustration of the design and each component of the twin engine artificial tetherless motile micro-autonomous systems and photo of its realization. [9] 
adequate power to the heater through wireless ener-
gy transfer, the rate of the catalytic reaction on the Pt 
within one of the engines can be increased to a point 
where the catalytic reactions in both tubular micro-
engines of the system is balanced thus realizing an 
active steering control for the system. 
Apart from integrating circuitry on board, the poly-
meric platform bridging the twin engines provides 
the possibilities of constructing micro-machines 
and configurable components, such as actuators to 
expand the functionality of the autonomous system. 
A soft stimuli-responsive micro-arms was integra-
ted into the system by patterning a polymer layer of 
poly (N-isopropylacrylamide) (PNIPAM) on top of 
the systems. PNIPAM is a partially biodegradable 
thermoresponsive polymer which possesses reversib-
le deformation properties. For instance, by changing 
the temperature of the solvent, temperature control-
led self-rolling/unrolling tubes and self-folding/un-
folding microjets have been realized based on PNI-
PAM. [12] Induction heating to remotely tune the 
temperature locally on the PNIPAM area has been 
used for the first time in an autonomous system. 
In solution at a temperature between 15-20 °C, the 
PNIPAM layer is cooled and the micro-arm remains 
in a tubular shape. By switching on the external 
magnetic induction field, the Fe layer is heated for 30 
to 90 seconds, thus increasing the local temperature. 
As a result, the PNIPAM layer shrinks at a tempera-
ture of about 25-30 °C, and the robotic micro-arm 
opens. After stopping the inductive heating, it takes 
about 20 to 30 seconds for the micro-arm to close 
completely. A cargo grasp-move-release procedure 
is demonstrated on a gold wire, which is grasped 
by the micro-arm. A magnetic field is used to guide 
the rotation/movement, demonstrating that the 
gold wire can be firmly held by the micro-arm and 
delivered by the movement to a desired location. Fi-
nally, by remotely controlling the external magnetic 
induction field again, the micro-arm opens and the 
gold wire was released.
The high concentration of H2O2 used in the present 
locomotion experiment is not biocompatible and 
limits practical applications of such systems. For 
solving the biocompatibility problem, one potential 
alternative route is to develop a new type of system, 
where the propulsion does not rely on the H2O2 
chemical reaction. For instance, by smart design and 
integration of electronics and catalytic materials, one 
could rectify the alternating current (AC) generated 
on board wirelessly to direct current (DC). Then, the 
DC power is used to perform an electrochemical re-
action such as electrolysis in medical saline solution. 
Such a new type of electrochemical micro-engine 
would greatly expand the application scope of the 
autonomous systems in the field of bio-microrobotics.
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Abb. 3: Versuchsaufbau zum magnetinduktiven Energietransfer mit Induktionsspule und eingespannter Kamera for optische Aufnahmen.
Fig. 3: Magnetic induction energy transfer experimental setup equipped with induction coil and the optical photography equipment. 
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Von zahlreichen metastabilen Materialien eignen sich insbe-
sondere die metallischen Gläser, um den Einfluss von Nicht-
gleichgewichtsbehandlungen auf Werkstoffeigenschaften 
zu untersuchen. Hierbei kann man ein breites Spektrum an 
Zuständen und Strukturen, wie amorphe und kristalline Fest-
körper, unterkühlte Schmelzen oder Glas-Kristall-Komposite, 
generieren und erforschen.
In diesem Beitrag zeigen wir, wie die strukturellen Änderun-
gen in metallischen Gläsern während des Erhitzens unter 
unterschiedlichen Aufheizraten mittels einer am IFW Dresden 
entwickelten Anlage erfasst und gesteuert werden können. 
Dadurch lassen sich einerseits die Zeit-Temperatur-Umwand-
lungsschaubilder erstellen. Andererseits kann die Scherband-
bildung und -ausbreitung in metallischen Gläsern über die 
erzeugten Spannungsfelder gezielt eingestellt werden.
Among many metastable materials, metallic glasses are 
one of the most suitable systems to study the effects of 
non-equilibrium processing on materials properties over 
a wide range of states and structures, such as amorphous 
and crystalline solids, undercooled liquids or glass-crystal 
composites. 
In this contribution we show how an advanced ultra-fast 
annealing device, developed at IFW Dresden, enables to 
monitor and control structural evolution of metallic glasses 
upon annealing at different heating rates and to construct 
processing-transformation diagrams, and how shear banding 
in metallic glasses can be manipulated by designing stress 
fields via flash-annealing.
Exploring and Manipulating Non-Equilibrium States and 
Structures in Metallic Glasses
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Abb. 1: Bei der Durchführung einer Röntgenbeugungsmessung an der Beamline P21.1 der Synchrotronstrahlungsquelle PETRA III am DESY Hamburg. 
Fig. 1: Performing an X-ray diffraction measurement at the beamline P21.1 of the synchrotron radiation source PETRA III, DESY, Hamburg.
Phase transformations and non-equilibrium 
structures in metallic glasses 
Investigations of metastable states and phase transi-
tions occurring on a small time- and/or length-scale 
(milliseconds vs. micrometers) have always presen-
ted a serious challenge for materials scientists and 
physicists. In most cases, the knowledge about these 
phenomena has been obtained through the analysis 
of the behaviour of physical properties or quantities 
such as heat capacity, electrical resistivity, tempera-
ture, molar volume etc. Although such an approach 
provides valuable information on phase transforma-
tions, it only hints on the possible underlying struc-
tural changes.  
In a joint project with the IFW Research Technology 
Department, we developed advanced flash-annealing 
experimental setup for processing metallic glasses at 
controlled heating rates ranging from about  
101 K ∙ s -1 to 104  K ∙ s -1 by applying resistive (Joule) 
heating [1], thus providing access to a wide spec-
trum of metastable states and related properties not 
reachable by conventional methods. 
In collaboration with the scientific and technical staff 
of the Swedish Materials Science beamline P21.1 at 
PETRA III synchrotron source at German Electron 
Synchrotron DESY in Hamburg, one of the setups 
was adapted and implemented for in situ studies of 
crystallization mechanism and kinetics in metallic 
glasses at high heating rates (Fig. 1). The high-energy X-
ray diffraction (XRD) measurements required a detector 
with extremely fast acquisition time. In our experiments, 
we used a hybrid pixel PILATUS3 X 2M CdTe detector 
operating at a rate of 250 Hz. Joule heating was trig-
gered automatically and was synchronized with the 
incident X-ray beam and the detector. The crystalliza-
tion process was controlled via a feedback circuit by 
monitoring a change in the time-dependent resistivity 
and temperature of the glass under investigation.
We focused our study on a model system 
Cu47.5Zr47.5Al5 metallic glass [2]; it has  a good glass-
forming ability, thus is easy to process, relatively 
simple chemical composition and phase constitution 
in the crystalline state. A continuous-heating-trans-
formation (CHT) diagram for the metallic glass, 
plotted in Fig. 2, has been constructed by combining 
several techniques. The phase identification was from 
in situ synchrotron XRD [2], the glass-transition 
(Tg) and the crystallization temperatures (Tx) were 
measured by conventional and ultra-fast differential 
scanning calorimetry (DSC) and by resistive heating 
[3]. The glass-annealing experiments were comple-
mented by in situ XRD measurements of under-
cooled Cu47.5Zr47.5Al5 melt using the IFW Dresden 
electromagnetic levitation facility and synchrotron 
radiation at the P21.1 beamline, PETRA III, DESY.  
The details of the local compositions and structure 
of as-prepared and annealed glasses were obtained 
by atom probe tomography (APT) carried out in a 
joint DFG project at MPIE Düsseldorf, and by in situ 
transmission electron microscopy (TEM) at the Uni-
versity of Cambridge, United Kingdom. 
The applied range of heating rates spanning over six 
orders of magnitude enabled mapping so-far inac-
cessible regions of the CHT diagram for the metal-
lic glass. For heating rates lower than ~10 K ∙ s -1, 
Cu47.5Zr47.5Al5 glass crystallizes with the formation 
of the equilibrium Cu10Zr7 and CuZr2 phases. Upon 
increasing the heating rate to ~102 K ∙ s -1, the system 
departs from its equilibrium and Cu10Zr7 becomes 
the primary phase. On faster heating at ~103 K ∙ s -1, 
the formation of Cu10Zr7 is suppressed and B2 CuZr 
becomes the primary phase. When the temperature is 
further increased, the Cu2ZrAl phase forms as the se-
condary phase at ~960 K. At last, for heating rates of 
~104 K ∙ s -1, the system is driven so far away from its 
equilibrium that crystallization is completely avoided 
and the glass transforms directly to the liquid. 
The CHT diagram in Fig. 2 demonstrates that the 
glass crystallization can be tuned by controlling hea-
ting rate. A wide range of non-equilibrium structures 
can thus be formed and preserved at room tempe-
rature by rapid quenching. For example, a series of 
glass-crystal composites with tailored microstructure 
and enhanced mechanical properties were produced 
by properly changing heating rate in the works [4, 5]. 
Furthermore, by processing metallic glasses via flash-
annealing within the supercooled region, the resul-
ting glassy state can be manipulated by varying the 
free volume content or by generating residual stress 
fields [6]. These flash-annealed glasses not only are of 
interest for potential structural applications but also 
they represent a platform for fundamental studies 
of kinetics and growth phenomena [5], and for the 
nanoscale mechanism of shear band formation [7].
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The variation of shear band orientation in the flash-
annealed glass is the microscopic manifestation of a 
change in the energetics of the STZs activation occur-
ring on the nanoscale resulting from the contribution 
of the superimposing stress field. We quantified this 
contribution to the energy of STZ activation by exten-
ding the cooperative shear model [9], which measu-
res the energy needed for STZ activation in metallic 
glasses with no residual stresses under uniaxial applied 
stress, to account for a superimposing stress field in 
which the other components are non-zero. The results 
indicate that the energy stored in the STZ for shear 
band propagation at about 45° decreases because of the 
progressively adverse orientation of the stress field (Fig. 
3c), making shear band propagation along this direc-
tion no longer energetically accessible; higher energies, 
however, are stored in the STZ for shear bands oriented 
at 0°, providing an alternative, energetically more favo-
rable path for shear band propagation (Fig. 3d).
Summary
Using the experimental flash-annealing setup, cons-
tructed at IFW Dresden, we carried out in situ XRD 
measurements of Cu47.5Zr47.5Al5 metallic glass with a 
heating rate from ~101 K ∙ s -1 to ~104 K ∙ s -1 and with 
~4 ms temporal resolution at PETRA III synchrotron 
source at DESY in Hamburg. This data complemented 
by calorimetry measurements and ex situ microstruc-
ture analysis by atom probe tomography and trans-
mission electron microscopy enabled us to construct 
so far inaccessible continuous-heating-transformation 
diagram for Cu47.5Zr47.5Al5 metallic glass covering a 
Guiding shear bands in metallic glasses using stress fields
Plastic deformation of metallic glasses at room tem-
perature takes place through the generation of highly-
localized shear bands propagating at about 45° in an 
approximately straight manner. This behavior results 
from a domino-like sequential activation of shear-
transformation zones (STZs, the elementary units of 
plasticity in metallic glasses) [8]. According to STZ 
model, shear band propagation could be controlled 
by manipulating the orientation of STZ activation by 
introduction structural perturbations along the path of 
a propagating shear band.
Flash-annealing of metallic glasses in the supercooled 
liquid region, i.e. at temperatures between Tg and Tx, 
followed by rapid quenching generates residual elastic 
stress fields in the glass [6]. We used these stress fields 
as structural perturbations to change the directionality 
of STZ activation and, in turn, to control the trajectory 
of shear bands in Cu44Zr44Al8Hf2Co2 metallic glass [7]. 
Stress fields in the flash-annealed metallic glass were 
derived from the corresponding strain fields measured 
by high-energy X-ray diffraction at the beamline P02.1 
at PETRA III, DESY, Hamburg. The eigenvectors of 
the stress tensor in Fig. 3a show that flash-annealing 
generates stress fields with the magnitude and direction 
smoothly-varying across the specimen. Shear band 
orientation conforms to the stress eigenvectors with the 
shear band angle Ɵ progressively varying from about 
45° (the characteristic value for the as-prepared glass) 
to 0° (Fig. 3b), indicating that the quenched stress fields 
can be used to effectively guide shear bands.
Abb. 2: Kontinuierliches Zeit-Temperatur-Umwandlungsschaubild von 
Cu47.5Zr47.5Al5-Glas für unterschiedliche Aufheizraten Ф [K∙s-1)], die durch 
vertikale graue Linien gekennzeichnet sind. Gestrichelte Linien markieren den 
Bereich mit vorherrschender Bildung der B2 Phase. Tg bezeichnet die Glasüber-
gangstemperatur; Tx bezeichnet die Kristallisationstemperatur. Das Diagramm 
wurde durch eine Kombination der Daten aus Arbeiten [2, 3] erstellt.
Fig. 2: Continuous-heating-transformation diagram for crystallization of 
Cu47.5Zr47.5Al5 glass at different heating rates Ф [K∙s-1)], marked by the vertical 
gray lines. The hatched region highlights the heating conditions for which the 
B2 phase becomes predominant. Tg – glass-transition temperature; Tx –  crystal-
lization temperature. The figure drawn by combining the data published in the 
works [2, 3].
range of heating rate exceeding six orders of magni-
tude. This approach and experimental technique can 
be applied to study phase transformations in other 
metallic systems at different heating rates with unpre-
cedently high temporal resolution.
By exploring the effect of residual stresses on shear 
banding in a flash-annealed metallic glass, we found 
that shear band propagation depends on the orienta-
tion of the superimposing stress field. This behavior 
results from the altered propensity for STZ activation 
along the characteristic 45° direction. Depending on 
the residual stresses magnitude and orientation, they 
either assist or inhibit local atomic rearrangements, 
which advance during shear transformations. Such a 
directionality can be taken into account by including 
the interaction of the superimposing stress field with 
all stress components resulting from STZ activation in 
the cooperative shear model. The contribution of the 
residual stresses is then reflected by the energy stored 
as shear in the STZ volume. When the energy stored 
along the characteristic path at 45° is insufficient, the 
shear band will change its propagating direction.
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Abb. 3: (a) Eigenvektoren des Spannungstensors veranschaulichen die Größe und 
die Richtung der Haupteigenspannungen, ermittelt mit Hilfe der hochenergetischen 
Röntgenbeugung; (b) Die Ausbreitung der Scherbänder entlang ca. 45°, typisch für ge-
gossenes massives metallisches Glas, ändert sich im rascherhitzen metallischen Glas; 
Energieänderung im STZ-Volumen eines sich bei 
(c) 45° und (d) 0° ausbreitenden Scherbands; 
grüne gestrichelte Linien – Energieschwelle zur STZ-Aktivierung. 
Fig. 3: (a) Eigenvectors of the stress tensor showing the magnitude and direction 
of the principal stresses derived from high-energy X-ray diffraction; (b) Shear band 
propagation at about 45°, characteristic of as-cast bulk metallic glass, changes in the 
flash-annealed metallic glass. Variation of the energy stored in the STZ volume for a 
shear band propagation at (c) 45° and (d) 0°; 
green dashed lines – threshold energy of STZ activation.
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Abb. 1: Doktorandin bei der Vorbereitung einer Messung der thermoelektrischen Eigenschaften.
Fig. 1: Ph.D. student preparing for the measurement of thermoelectric properties.
Die Technologie der thermoelektrischen Energiewandlung (TE) 
hat in den letzten Jahren aufgrund ihrer Anwendungspotentia-
le im Wärmemanagement und in der Stromerzeugung großes 
Forschungsinteresse auf sich gezogen. Die Reduktion der Wär-
meausbreitung durch Phononen (der Hauptwärmeträger in 
nichtmetallischen Festkörpern) ist einer der wichtigsten Ansät-
ze zur Verbesserung der TE-Eigenschaften der Materialien. Die 
Auswirkungen der einzelnen Mechanismen zur Streuung von 
Phononen müssen jedoch für einige gute TE-Materialien wie 
Halb-Heusler-Verbindungen (HH) tiefer untersucht werden. In 
dieser Arbeit zeigen wir die besondere Rolle von Punktdefek-
ten bei der Reduktion des Wärmeflusses für HH-Verbindungen. 
Hierbei erweiterten wir das Verständnis der Phononentrans-
porteigenschaften von HH-Verbindungen und erarbeiteten 
eine Richtlinie für die Materialentwicklung zur weiteren Ver-
besserung ihrer thermoelektrischen Eigenschaften.
The thermoelectric (TE) technology attracts great research 
interests in recent years for its application potentials in 
heat management and power generation. Blocking heat 
propagating by phonons (the major heat carrier in non-
metal solids) is one of the most important approaches to 
improve the materials’ TE property. However, the effects 
of the individual mechanisms in impeding phonon need 
detailed investigation for some good TE materials, such as 
half-Heusler (HH) compounds. In this work, we successfully 
demonstrated the major role of atomic-scale point defects 
in blocking heat for HH compounds. We advanced the 
understanding of the phonon transport properties of HH 
compounds and provided a guideline for subsequently 
improving their thermoelectric properties.
Blocking the heat: Anomalously reduced lattice thermal 
conductivity in half-Heusler thermoelectric compounds
Ran He, Taishan Zhu1, Yumei Wang2, Ulrike Wolff, Jean-Christophe Jaud3, Andrei Sotnikov, Pavel Potapov, Daniel Wolf, Pingjun Ying, Max Wood4, Zhenhui Liu, 
Le Feng, Nicolas Perez Rodriguez, G. Jeffrey Snyder4, Jeffrey C. Grossman1, Gabi Schierning, and Kornelius Nielsch
Sustainable Energy Supply and Thermoelectricity 
By interconverting between heat and electricity, the 
thermoelectric (TE) technology is potentially appli-
cable under special scenarios such as active cooling 
[1] or powering the nodes of the internet of things 
(IoT) [2]. In comparison to other competing tech-
nologies, TE devices are unique due to their solid-
state nature. They are reliable, noiseless, scalable, 
and maintenance-free. As a practical application, 
radioisotope thermoelectric generators (RTGs) 
have powered space missions for decades without a 
single failure, which demonstrates the extraordinary 
reliability of TEGs in power generation. To enable a 
larger-scale application of TE technology, it is crucial 
to boost the performance of TE materials.
Half-Heusler Compounds and Lattice Thermal  
Conductivity
Last decades have witnessed rapid progress in the 
field of TE materials research. Generally higher zT 
represents better TE performance. Among the vari-
ous TE materials. In recent years, half-Heusler (HH) 
compounds, such as MNiSn, MCoSb (M= Ti, Zr, Hf), 
and RFeSb (R= V, Nb, Ta) have gained popularity 
as promising high temperature TE materials due to 
the excellent electrical properties, good mechanical 
robust-ness and thermal stability [3]. Nevertheless, 
the zT values of HH compounds are relatively low 
due to their remaining-high thermal conductivity 
when compared to some other materials such as 
Bi2Te3 or SnSe. For HH compounds, most of the 
thermal energy is carried by the quantized lattice 
vibrations, i.e., phonons, as characterized by their 
high lattice thermal conductivity (ϰL). The high ϰL of 
the HH compounds merits the necessity of unveiling 
the phonon-transport features and the individual 
mechanisms in phonon scattering. In Figure 2, we 
summarize the schematics of common mechanisms 
for phonon scattering.
Anomalous ϰL reduction in ZrCoSb
We studied the lattice thermal conductivity of 
ZrCoSb1-xSnx where the element Sn is doped at the 
Sb site. Notably, the substitution of Sn at the Sb sites 
yields a remarkable ϰL reduction. For example, the 
value of ϰL is ~20 W m-1 K-1 at 300 K for the pristine 
ZrCoSb, while it drops to ~4.4 W m-1 K-1 with 30% 
Sn substitution, showing an ~80% reduction. Such a 
huge ϰL reduction is anomalous since the differences 
of mass and radius between Sb and Sn is negligible. 
Besides, we synthesized another set of compounds, 
Zr1-yTiyCoSb, and compare their lattice thermal 
conductivity with respect to the substitution level. We 
find that the Sn-substituted compounds have an even 
larger ϰL reduction than the ones with Ti substitution. 
Considering that the mass difference between Sn and 
Sb is only 3%, much smaller than the 48% between 
Ti and Zr, our results disobey the common rule that 
larger differences of atomic mass and radius yield 
stronger phonon scattering. Clearly, there exists an 
unexplained phonon-scattering mechanism for the Sn-
doped ZrCoSb.
One important footprint of the phonon scattering 
mechanism is the variation index (α) for temperature 
(ϰL~Tα). Callaway and Klemens suggested -1 and 
-0.5 for α if the dominant scattering mechanisms 
are phonon-phonon interaction and point defect 
scattering, respectively [4,5]. By evaluating the value 
of α based on the ϰL svalues, we obtain a gradual 
transition of α from -1 to -0.5 by increasing the 
concentration of Sn from 0 to 0.3, which indicates that 
the major scattering mechanism of phonons is shifted 
from phonon-phonon interaction to point defect 
scattering. However, as mentioned, effective phonon 
scattering by point defects demands large differences in 
atomic mass and radius, yet replacing Sn at the Sb sites 
is inadequate. Therefore, another type of point defect 
must exist to scatter phonons more effectively.
Crystal Structures and Co/4d Frenkel defects
The HH compounds are crystalized with space group 
F43M. In ZrCoSb, the Zr and Sb atoms occupy the 
Wyckoff positions 4b (½, ½, ½) and 4a (0, 0, 0), 
respectively, and the Co atoms occupy both the 4c 
(¼, ¼, ¼) positions; thus, leaving the 4d (¾, ¾, ¾) 
sites are vacant. The detailed atomic-level defects were 
investigated through TEM. Figure 3a display a typical 
low-magnification TEM image of ZrCoSb0.7Sn0.3. we 
note that the material possesses great crystallinity with 
certain types of defects, such as dislocations, barely 
observable in the specimen, which indicates their 
minor contribution in phonon scattering. Besides, 
we perform high-angle annular-dark-field scanning 
transmission electron microscopy (HAADF-STEM) 
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the ϰL, does not exist. Thus, the Co/4d Frenkel defect 
is confirmed since it is the only point defect that is 
not conflicting with the experimental and theoretical 
evidence. Furthermore, we estimate the concentration 
of Frenkel defects by Rietveld refinement. We obtain 
an increase in the concentration of Co/4d defect upon 
substituting more Sn at the Sb sites with a maximum 
defect concentration of ~2% in ZrCoSb0.7Sn0.3, 
which agrees with the one from the phonon model 
calculations, thus strengthening our argument of 
Co/4d Frenkel defects in enhancing phonon scattering 
for ZrCoSb1-xSnx [7].
Other scattering mechanisms
We also investigated other possible scattering me-
chanisms with quantitative analysis and controlled 
studies including point defects, phase separation, 
phonon-phonon interaction, electron-phonon inter-
action, dislocations, decorative impurities, and grain 
boundaries. For example, the contribution from 
grain boundary scattering is examined by a combi-
nation of I) first principle calculation, II) phonon-
mode calculation, and III) ϰL comparison by varying 
the grain size. These approaches yielded the same 
conclusion of insignificant phonon scattering from 
the grain boundaries. Similar investigations were 
applied to other scattering mechanisms and their 
study on this compound. As shown in Figure 3b, the 
occupation of 4d lattice sites is observed. Moreover, 
we calculate in Figure 3c the intensity profile 
(integrated over the width of the atomic columns) 
within the 4c/4d plane from the HAADF-STEM 
micrograph, as indicated by the yellow dashed box in 
Figure 3b. Interestingly, an alternating intensity within 
the 4c/4d plane is observed, suggesting that the 4d 
sites are only partially occupied. Since vacancy- or 
interstitial-related point defects are highly effective 
in scattering phonon, we consider the remarkable 
reduction of ϰL has an origin of point defect scattering 
in which the vacancy sites are involved. 
To further clarify the exact species of the interstitial 
atom, ab initio calculation was performed (by our 
collaboration partner) to evaluate the formation 
energy of the individual elements. We conclude 
the vacancy sites are occupied by the cobalt atoms 
since it costs much less energy than other elements. 
Subsequently, we investigate whether the Co atoms 
that occupy the 4d lattice sites are excessively added 
to the lattice or migrated from 4c sites. This is 
important since another half-Heusler, ZrNiSn, was 
widely reported possessing excessive ~3 to 5% Ni 
at interstitials atoms that were identified [6]. Our 
results demonstrate such high volume (3% to 5%) 
of excessive Co atoms, being necessary for reducing 
Abb. 2: Schema gängiger Phononenstreumechanismen. Mit-
te: Punktfehler. Umgeben von (im Uhrzeigersinn von oben 
in der Mitte): Phonon-Phonon-Wechselwirkung, Elektron-
Phonon-Wechselwirkung, Ausscheidungen, Versetzungen, 
dekorative Verunreinigungen und Korngrenzen. Der Frenkel-
Punktdefekt wird anhand der Schlussfolgerungen dieser 
Arbeit hervorgehoben.
Fig. 2: Schematics of common phonon scattering mechanisms. 
Center: point defects. Surroundings (clockwise from the top 
middle): phonon-phonon interaction, electron-phonon inter-
action, phase separation, dislocations, decorative impurities, 
and grain boundaries. The Frenkel point defect is highlighted 
based on the conclusions of this work.
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minor contributions in scattering phonon were de-
monstrated. Our conclusion is different from many 
previous investigations, thus discloses the necessity 
for an advanced understanding of the phonon trans-
port for half-Heusler compounds.
Conclusion
The effectiveness in phonon scattering from vari-
ous mechanisms have been studied and claimed in 
previous publications. Contrary to most of these 
established conclusions, we show that point-de-
fect scattering has been the dominantly effective 
mechanism for phonon scattering other than the 
intrinsic phonon-phonon interaction for ZrCoSb 
and possibly other HH compounds. Furthermore, 
through a combination of experimental and first-
principle approaches, we reveal that the intensified 
point-defect phonon scattering originates from the 
formation of Co/4d Frenkel-pair defects as a result 
of charge-compensation effects. This work advances 
the understanding of phonon transport properties in 
half-Heusler compounds, thus provides a guideline 
for subsequently improving their thermoelectric 
properties.
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Abb. 3: a) TEM-Bild mit geringer Vergrößerung von ZrCoSb0.7Sn0.3. b) Das HAADF-STEM-Bild, die Kristallstruktur mit besetzten 4d-Gitterstellen, wird ebenfalls eingefügt, um 
die Besetzung sowohl der 4c- als auch der 4d-Position zu zeigen. c) Das Intensitätsprofil, das entlang der 4c/4d-Ebene aufgenommen und über die Breite der Atomreihen 
integriert wurde, wie durch das gelbe gestrichelte Kästchen in b) angegeben. Die wechselnden Intensitäten legen nahe, dass die 4d-Stellen nur teilweise besetzt sind. 
Fig. 3: a) Low-magnification TEM image of ZrCoSb0.7Sn0.3. b) The HAADF-STEM image, the crystal structure with occupied 4d lattice sites is also inserted to show the occupa-
tion of both 4c and 4d positions. c) The intensity profile taken along the 4c/4d plane and integrated over the width of the atomic columns, as indicated by the yellow dashed 
box in b). The alternating intensities suggest that the 4d sites are only partially occupied. 
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Quantenphänomene im 
Nanomaßstab
In diesem Forschungsbereich beschäftigen wir uns 
mit Materialien und Strukturen, deren quanten-
mechanische Effekte auf ihre Nanoskaligkeit zu-
rückzuführen sind. Dies sind sehr dünne Filme, 
Oberflächen und Grenzflächen, Quantenpunkte, 
photonische Kristalle und molekulare Nanostruktu-
ren wie Fullerene, leitende Polymere und organische 
Halbleiter.
Im Bereich der Nanophotonik bearbeiten wir grund-
legende Themen wie die Erzeugung von Einzelphoto-
nen und verschränkten Photonenpaaren mit Halbleiter-
Nanomaterialien sowie starke Licht-Materie-Wech-
selwirkungen im Quantenbereich. Anwendungs-
orientierte Fragestellungen betreffen die Herstellung 
moderner photonischer Bauelemente wie Quanten-
Leuchtdioden, aufgerollte optische Mikrokavitäten 
und 3D-Photonische Kristalle. Das Ziel dieser For-
schung ist die Realisierung einer integrierten opto-
elektronischen Plattform zur Erzeugung komplexer 
photonischer Funktionalitäten.
Auf der Nanoskala können auch völlig neue physika-
lische Eigenschaften entstehen, etwa an Oberflächen 
und Grenzflächen topologischer Isolatoren. Dort 
ist der Spin von Oberflächenelektronen an ihren 
Impuls gebunden - eine Eigenschaft, die im Kontext 
der Spintronik interessant ist. Die Arbeit in diesem 
Bereich ist ein weiteres Beispiel für die Interdiszi-
plinarität unserer Forschung. In enger Kooperation 
wirken experimentelles Knowhow und theoretische 
Expertise zusammen, um neue topologische Iso-
latoren zu erforschen und ihre Oberflächenzustände 
und Transporteigenschaften zu verstehen.
Quantum Effects at the 
Nanoscale
In this Research Area we address materials and 
structures with quantum mechanical effects that are 
due to their nanoscale. These are very thin films, 
surfaces and interfaces, so called heterostructures 
formed by thin films of different composition, quan-
tum dots, photonic crystals and molecular nanos-
tructures like fullerenes, conducting polymers and 
organic semiconductors.
In the field of nanophotonic the research work at 
IFW aims to explore several long-standing questions 
and challenges. Our work approaches fundamental 
topics: such as the generation of single photons and 
entangled photon pairs with semiconductor nano-
materials, the strong light-matter interactions in the 
quantum regime.  More applied questions concern 
the fabrication of advanced photonic devices such as 
quantum light emitting diodes, rolled-up optical mi-
crocavities and 3D photonic crystals. When combi-
ned together, this multifaceted research could enable 
the realization of complex photonic functionalities 
with an integrated opto-electronic platform.
At the nanoscale also entirely new physical pro-
perties may emerge, for instance at surfaces and 
interfaces of topological insulators where the spin 
of surface electrons is locked to their momentum, a 
property that is interesting in the context of spintro-
nics. Work at the IFW Dresden in this area is a nice 
example of a very interdisciplinary research effort, 
combining the available experimental and theoreti-
cal expertise to investigate topologically protected 
surface states and transport properties, again combi-
ning synthesis, theory and experiment.
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Abb. 1:  (a) Die Bildung des aufgerollten weichen Kontakts. (b) Mikroskopische Aufnahme des Diodenvorrichtungsarrays. Der Einsatz ist ein typisches Einzelgerät, das auf 
aufgerolltem Soft-Contact basiert. (c) Ein AFM-Bild im Klopfmodus von F16CoPc (1 nm) / CuPc (7 nm), das auf der Mesa gewachsen ist (wie in c durch das schwarz gepunktete 
Kästchen markiert), und das entsprechende Höhenprofil des AFM-Bildes. (d) Konzeptbild des Au (Finger) / F16CoPc (1 nm) / CuPc (7 nm) / Au (Röhre) [8].
Fig. 1: (a) The formation of the rolled-up soft-contact. (b) Micrograph of the diode device array. The insert is a typical single device based on rolled-up soft-contact. 
(c) A tapping mode AFM image of F16CoPc (1 nm)/CuPc (7 nm) grown on mesa (as marked in c by the black dotted box) and the corresponding height profile of the AFM 
image. (d) Conceptual picture of the Au (finger)/F16CoPc (1 nm)/CuPc (7 nm)/Au (tube) [8].
Es wurden vielerlei Anstrengungen unternommen, nanoska-
lige Dioden auf der Basis einzelner molekularer Ensembles 
zu realisieren, um das Konzept der molekularen Elektronik zu 
verwirklichen. Heutige, funktionale molekulare Dioden können 
nur bei niedrigen Frequenzen arbeiten, was zum Teil auf ihre 
extrem niedrige Leitfähigkeit und einen geringen Grad der 
Bauelementintegration zurückzuführen ist. Hier demonstrieren 
wir ein molekulares Diodenarray, basierend auf einem "Swiss-
Roll"-Soft-Kontakt auf einem molekularen dünnen Phthalo-
cyanin-Heteroübergang, der bei Frequenzen bis zu 10 MHz 
arbeitet. Die intrinsisch unterschiedlichen Oberflächen der 
unteren planaren und der oberen mikrotubulären Elektroden 
erzeugen das Gleichrichtungsverhalten des Bauelements. 
Die Ladungsakkumulation im molekularen Heteroübergang 
verbessert die Ladungsinjektion und -dichte und ermöglicht so 
den Hochfrequenzbetrieb. 
Considerable efforts have been made to realize nanoscale 
diodes based on single molecular ensembles to realise the 
concept of molecular electronics. Todays, functional mole-
cular diodes can only operate at low-frequencies, partially 
due to their extremely low conductance and a low degree of 
device integration. Here, we demonstrate a molecular diode 
array, based on “Swiss-Roll” soft-contact on phthalocyanine 
molecularly thin heterojunction operating at frequency up to 
10 MHz. The intrinsically different surfaces of bottom planar 
and top microtubular electrodes generate the rectification 
behaviour of the device. The charge accumulation in the 
molecular heterojunction improves the charge injection and 
density, enabling the high-frequency operation.
Integrated Molecular-Scale Rectifier Based on 
Molecular Heterojunction
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Introduction
The physical limitations to miniaturize inorganic-
based electronic devices have motivated a growing 
interest in molecular electronics for its promising 
potential in transcending the Moore's Law. Since 
Ratner and Aviram first proposed the molecular 
rectifier concept in 1974 [1], many efforts have been 
devoted to realizing nondestructive electric contacts 
to fragile molecular ensembles and monolayers [2], 
such as liquid metals, break junctions, cross wire 
junctions etc. However, these contacts are hardly 
compatible with integrated circuit fabrication, which 
prevents the development of molecular rectifiers. 
Hence, there is a tremendous demand for robust 
micro-/nanofabrication processes that can unleash 
the full potential of ultrathin, organic, active layers 
in a damage-free manner.
It is predicted that rectifiers based on self-assem-
bled molecular monolayers junctions will generate a 
terahertz-level rectification frequency [3, 4]. Unfor-
tunately, although forty years have passed since the 
concept was proposed, high-frequency molecular 
rectifiers have still not been demonstrated and are 
far from meeting theoretical expectation. Up to now, 
the best example in this field has been the 
AgTS-SC11Fc2//Ga2O3/EGaIn structure reported 
by Nijhuis et al. et al. When operating at a very low 
frequency (50 Hz), the device was able to retain only 
18% of the input voltage amplitude [5]. The Failure 
to realize high-frequency molecular rectifiers is due 
to the poor electric contacts between the electrodes 
and molecule layers and their low intrinsic conduc-
tivity. Thus, the resistance of the molecular diodes 
is too large (>106 Ω), even at the “on” state, leading 
to very small output voltage retention and limited 
lifetime [6]. It is crucial to tune the local electronic 
structures and increase the ultrathin organic layers' 
charge transport capability to overcome this prob-
lem.
Here, we demonstrate fully integrated micro-rec-
tifiers based on ultrathin molecular junctions which 
can work at more than 10 MHz. By employing 
“Swiss-Roll” technology, the strain layers can provide 
a robust, damage-free contact to the ultrathin mole-
cular layers and act as the top electrode.  The novel 
soft-contacts technology makes it possible to reduce 
the active layer's thickness to several nanometers. 
Thus, enabling efficient charge transfer between the 
Au electrode and molecular heterojunction, leading 
to excellent frequency performance. The remarkable 
unidirectional current behaviour of the demonstra-
ted devices originates from the intrinsically different 
surfaces of the bottom (planar) and top (“Swiss-
Roll”) Au electrodes.
Moreover, the charge accumulation in the molecular 
heterojunction improves the charge injection and 
increases the carrier density in the active channel 
and enables the device to operate at high-frequency. 
Finally, the molecular rectifiers showed outstanding 
lifetime cycling performance after being stored and 
operated in air for about one month. This work 
demonstrates for the first time that a nanometer-
thickorganic rectifier which works at frequencies 
beyond 1 MHz, has been realzied.
Micro-fabrication of the molecular diode
Figure 1a shows that rolled-up nanomembranes soft 
contact is employed to realize rectifier devices based 
on a molecular scale organic layer [8]. Briefly, an Au 
layer is deposited on the finger-shaped mesa struc-
ture, acting as the bottom finger electrode on which 
organic layer(s) are grown. A patterned area consis-
ting of oxidized Ge and Au/Ti/Cr nanomembranes 
is formed as a sacrificial layer and strained metallic 
layers, respectively. The “Swiss-Roll” soft contact is 
achieved by the delamination of the strained tri-lay-
er (Au/Ti/Cr) from their substrate, resulting from 
gradually dissolving the sacrificial layer (Ge). Driven 
by the metallic nanomembranes' internal compres-
sive stress, the entire layer stack curls up and self-as-
sembles into a compact “Swiss-Roll” soft contact. 
After rolling, the “Swiss-Roll” metallic nanomembra-
nes could provide a damage-free and self-adjusted 
top electrode for the fragile, ultrathin, organic mate-
rials, thus forming a metal/organic/metal sandwich 
structure. 
Figure 1b shows the device array's microscope 
image, indicating the feasibility of the integration 
and the high reproducibility, which is very important 
for the practical devices. By combining the soft con-
tact and heterojunction, nanoscale organic diodes 
were successfully integrated onto the silicon wafer, 
with an active channel height is of 8±2 nm (shown in 
Figure 1c). Compared to the size of the single planer 
phthalocyanine molecule (~ 1.5 nm), it is reasonable 
to claim that the organic spacer, F16CoPc/CuPc, falls 
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demonstrated that, compared to the growth on bare 
Au, CuPc molecules grown on the F16CoPc layer 
exhibited a sharper (001) peak, which implies that 
the insertion of F16CoPc increased the crystallinity 
in CuPc films.
The 1 nm thick F16CoPc influences the arrangement 
of CuPc molecules and changes the carrier distribu-
tion, as shown in Figure 2 [8]. We performed UPS 
and XPS measurements to characterize the charge 
transfer between Au, F16CoPc and CuPc. According 
to the characterization, n-type F16CoPc shows a 
downward band bending towards the metal-semi-
conductor (Au/F16CoPc) interface, indicating the 
electron transfer from the Au to the F16CoPc. This 
resulted in an Ohmic contact to molecules because 
of a charge reservoir residing at the contact region. 
Moreover, the former lowest unoccupied molecular 
orbital (F-LUMO) appeared in F16CoPc, which could 
convert the ultrathin F16CoPc from the semicon-
ducting to the metallic state [7]. Simultaneously, 
electron transfer from CuPc to F16CoPc occurred, 
because the HOMO of CuPc is very close to the 
LUMO of F16CoPc, leading to hole accumulation 
in CuPc and electron accumulation in F16CoPc, 
respectively. Thus, the inserted, ultrathin F16CoPc 
accepts electrons from both Au substrate and CuPc, 
resulting in two interfacial regimes where carriers 
are accumulated, as shown in Figure 2.
Frequency performance of the molecular rectifier
An organic diode-based rectifier's frequency per-
formance is highly dependent on the charge trans-
port efficiency, thickness of the organic spacer, and 
the quality of the interfaces at two electrodes. In this 
work, the accumulated organic heterojunction im-
proved the charge transfer efficiency and the “Swiss-
Roll” nanomembrane realized a damage-free soft-
contact from the top electrodes. Thus, allowing the 
Au (finger)/F16CoPc (1 nm)/CuPc (7 nm)/Au (tube) 
molecular rectifier (see Figure 3a) to operate at high 
frequencies. As seen in Figure 3b the molecular rec-
into a molecular scale. Figure 1d shows the concept 
image of the molecular-scale organic diode in which 
F16CoPc/CuPc heterojunction layers were sandwi-
ched between the Au finger electrode and Au tube 
electrode.
Construction of organic heterojunction
Before implementing molecules as the semiconduc-
ting spacer in the molecular-scale rectifiers, two cri-
tical obstacles, i.e., (I) low intrinsic conductivity and 
(II) inefficient charge injection from the electrodes, 
need to be overcome. The electronic performance of 
molecular devices can be improved by controlling 
the molecule orientation by modifying the substra-
te's surface and rearranging the carrier distribution 
by introducing heterojunction. Previously, hetero-
junctions between metal phthalocyanines (MPcs) 
and fluorinated metal phthalocyanines (F-MPcs) 
have been employed to enhance the carrier concen-
tration by hybridization at the interface. Therefore, 
in this work, 1 nm fluorinated cobalt phthalocyanine 
(F16CoPc) was introduced between the Au subst-
rate and the nanometer-thick CuPc layer to act as 
the buffer layer and n-type semiconductor. GIXRD 
Abb. 2: (Oben) Molekülstrukturen von CuPc und F16CoPc. (Mitte) Bevor luft-
kontaminiertes Au-Substrat, n-Typ F16CoPc und p-Typ CuPc in Kontakt gebracht 
werden. (Unten) Schematische Darstellung des Ladungstransfers zwischen 
Au / F16CoPc/ CuPc (+/–: freie Ladungsträger, ♁ / Ѳ: Ladungszentren) [8].
Fig. 2: (Top) Molecular structures of CuPc and F16CoPc. (Middle) Before bringing 
air-contaminated Au substrate, n-type F16CoPc, and p-type CuPc into contact. 
(Bottom) Schematic diagram of charge transfer among Au/ F16CoPc/CuPc 
(+/− : free carriers, ♁ / Ѳ: charge centers) [8].
tifier exhibited good rectification characteristic at 
10 kHz with a 1.4 V rectified root-mean-squa-
re (RMS) output at 2.5V (RMS voltage = 1.77V) 
sinusoidal peak-to-zero input voltage. While at high 
frequency (100 MHz) RMS output voltage decreased 
to 0.4 V (see Figure 3c). The devices exhibit a slight 
leakage in the negative half-cycles, which could be 
attributed to the organic layers' ultrathin feature. 
The -3 dB frequency of our molecular rectifier 
reaches more than 10 MHz. Compared to previous 
works, we can conclude that it is the first time that 
fully integrated rectifiers based on nanometer-thin 
organic layers capable of working at high frequency 
have been achieved.   
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Abb. 3: (a) Schematische Darstellung des molekularen Gleichrichters.  
(b) Gleichrichtungsverhalten von Au (Finger) / F16CoPc (1 nm) / CuPc (7 nm) / 
Au (Röhre) bei 10 kHz. (c) Ausgangsgleichspannung als Funktion der Eingangs-
signalfrequenz [8].
Fig. 3: (a) Schematic diagram of the molecular rectifier. (b) Rectification 
behavior of Au (finger)/F16CoPc (1 nm)/CuPc (7 nm)/Au (tube) at 10 kHz.  
(c) Output DC voltage as a function of the input signal frequency [8].
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Abb. 1: Geschichtete antiferromagnetische topologische Isolatoren MnBi2Te4 und MnBi4Te7 sind darstellbar als Stapel aus 2D-ferromagnetischen MnBi2Te4-Bausteinen mit 
senkrechter Anisotropie und zusätzliche Zwischenschichten aus nicht-magnetischen Bi2Te3 in MnBi4Te7. Nahe ihrer Néel-Temperatur weisen beide einen kolinearen anti-
ferromagnetischen Grundzustand auf. MnBi4Te7 geht jedoch bei niedrigeren Temperaturen in einen vollständig gesättigten metamagnetischen Zustand über. 
Fig. 1: Layered antiferromagnetic topological insulators MnBi2Te4 and MnBi4Te7 are stacks of 2D ferromagnetic MnBi2Te4 building blocks with a perpendicular 
anisotropy, with additional non-magnetic Bi2Te3 spacer blocks in MnBi4Te7. Close to their Néel temperature, both have a colinear antiferromagnetic ground state. 
Yet, MnBi4Te7 undergoes a transition to a fully-saturated metamagnetic state at lower temperatures.
Geschichtete magnetische topologische Isolatoren ermög-
lichen es uns, neuartige elektronische Phasen zu enthüllen, 
die durch die Magnetisierung gesteuert werden. Wir haben 
die Magneto-Transport-Eigenschaften der sogenannten 
MBT-Familie, [MnBi2Te4][Bi2Te3]n (ganze Zahl n ≥ 0) unter-
sucht und konnten einen Übergang von einem antiferroma-
gnetischen zu einem ferromagnetisch-ähnlichen metamag-
netischen Zustand nachweisen.  
Zukünftig könnte dieser homogene Magnetisierungszustand 
wichtig für die Herstellung verlustfreier spintronischer Bau-
elemente sein, die auf dem quantenanomalen Hall-Regime 
(QAH, ballistische Randzustände) bis zu einer Blocking-
Temperatur von einigen zehn Kelvin arbeiten, da sie durch 
die dominante magnetokristalline Anisotropie gesteuert 
werden. Die Betriebstemperatur von QAH-Bauteilen, die auf 
verdünnten magnetischen topologischen Isolatoren basie-
ren, bleibt dagegen auf unter 1 Kelvin begrenzt. 
Layered magnetic topological insulators are candidates 
to unveil novel electronic phases controlled by the 
magnetization. We studied the magneto-transport properties 
of the so-called MBT family, [MnBi2Te4][Bi2Te3]n  
(integer n ≥ 0), and evidenced a transition from an 
antiferromagnetic to a ferromagnetic-like metamagnetic 
state. In the future, this homogenous magnetization state 
could be important to realize dissipationless spintronic 
devices based on the quantum anomalous Hall regime (QAH, 
ballistic edge states) up to a blocking temperature of tens 
of Kelvin, controlled by the dominant magneto-crystalline 
anisotropy, whereas the operation temperature of QAH 
devices based on diluted magnetic topological insulators 
remains limited to below 1 Kelvin.
Metamagnetism of Weakly Coupled Intrinsic Magnetic  
Topological Insulators
Aoyu Tan, Valentin Labracherie, Narayan Kunchur, Anja U. B. Wolter, Joaquin Cornejo, Joseph Dufouleur, Bernd Büchner, Anna Isaeva, and Romain Giraud
MnBi2Te4 MnBi4Te7
Novel van-der-Waals layered magnetic materials 
Van-der-Waals layered magnetic materials are stacks 
of 2D magnetic units, with intra-layer covalent 
bonds, weakly coupled by van-der-Waals (vdW) 
interactions. These materials offer a new playground 
to stabilize magnetic structures resulting from the 
interplay of different exchange couplings (within 
a 2D magnetic layer and/or in-between magnetic 
layers) and crystal-field anisotropy of comparable 
strength. Their magnetic order can be investigated 
for different thicknesses, from 3D bulk samples to 
2D ultra-thin films, and can be tuned by external 
parameters (electric/magnetic fields, strains) and/or 
influenced by interfacial proximity effects.
In recent years, their mechanical exfoliation down 
to the monolayer/single magnetic unit has given va-
rious examples of 2D magnetic systems [1], some of 
which exhibit a long-range magnetic order stabilized 
by their magnetic anisotropy. In particular, 2D ferro-
magnets with a perpendicular anisotropy have an 
out-of-plane magnetization and Ising-like proper-
ties. In a stack, the finite inter-layer exchange cou-
pling can either align or anti-align the magnetization 
of neighbouring layers, with some similarities to 
synthetic antiferromagnets (magnetic/non-magnetic 
metallic multilayers). For an antiferromagnetic inter-
layer coupling, this gives a collinear 3D antiferroma-
gnetic state (so called, A-type antiferromagnetism) 
in the thermodynamic limit of a bulk crystal, of 
particular interest for spintronics [2]. Similar to syn-
thetic antiferromagnets, the exchange couplings can 
be rather small in vdW AFM, so that the magnetic 
anisotropy can actually determine the microscopic 
magnetic configurations [3]. In vdW materials based 
on chalcogenides, the magneto-crystalline anisotro-
py is indeed rather large due to a strong spin-orbit 
coupling. Contrary to synthetic antiferromagnets, 
vdW magnetic multilayers have a periodic crystal 
structure, with well-defined exchange interactions 
and a small degree of disorder, thus giving a per-
fect compensation for AFM systems. Homogenous 
properties are obtained over a wide range of thick-
nesses, extending from thick layers (bulk, 3D limit) 
down to a single magnetic unit (true 2D limit), while 
keeping the strength of the local magnetic interac-
tions roughly unchanged (defined at the single unit 
level), and theory also predicts little dependence 
with electrical doping (dominant superexchange 
coupling, similar to diluted magnetic semicondu-
tors).  Importantly, an AFM state can be realized 
even without non-magnetic spacers, since the vdW 
gap already acts as an equivalent spacer. By adding 
non-magnetic layers, inserted in between magnetic 
sub-layers, the inter-layer exchange coupling can be 
reduced further. In our work, we revealed that the 
crossover from the strong interlayer exchange cou-
pling in MnBi2Te4 (n = 0) to the weak-coupling re-
gime is already realized for MnBi4Te7 (n = 1) with a 
single non-magnetic spacer Bi2Te3 (quintuple layer) 
inserted in between magnetic units (septuple layers). 
This results in a change of the magnetic ground state, 
evolving from a 3D AFM to an assembly of 2D meta-
magnets at low temperature, with a fully saturated 
remnant magnetization.
Magnetic properties of the MBT family 
The MBT family, [MnBi2Te4][Bi2Te3]n with the 
integer n ≥ 0, realizes stoichiometric magnetic topo-
logical insulators [4-7]. The magnetic base unit, a 
MnBi2Te4 septuple layer, is a 2D ferromagnet with 
a perpendicular anisotropy K that stabilizes an out-
of-plane ferromagnetic order. VdW-bonded stacks of 
septuple layers form the MnBi2Te4 compound, with 
an antiferromagnetic interlayer coupling leading to 
3D antiferromagnetic order (see Fig. 1), evidenced 
as the first antiferromagnetic topological insulator 
[7]. Other compounds have n units of the nonma-
gnetic Bi2Te3 spacer in between 2D ferromagnetic 
layers, and therefore a reduced interlayer exchange 
coupling.
We studied the magnetic properties of the MnBi2Te4 
(n=0) and MnBi4Te7 (n=1) compounds by magneto-
transport measurements [8].
Whereas MnBi2Te4 is a collinear 3D AFM, with 
typical spin-flop transitions if the magnetic field is 
applied along the easy-anisotropy direction, as seen 
in Fig. 2, the situation is different in MnBi4Te7 due 
to a much reduced inter-layer exchange coupling 
J. As shown in Fig 3, we evidenced that the relative 
strength of this exchange coupling to the uniaxial 
anisotropy K controls a transition from an A-type 
antiferromagnetic order (TB < T < TN) to a ferroma-
gnetic-like metamagnetic state, below the blocking 
temperature TB related to the uniaxial anisotropy. 
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te the interplay of magnetism and topology. First, the 
exchange interaction can induce non-trivial band 
gaps and turn some surfaces of a 3DTI into a QAH 
insulator (gapped surface states and dissipationless 
metallic edge state). Second, an additional symmetry 
related to magnetic order can induce other topo-
logical phases that can hardly be studied otherwise 
(axion insulators, magnetic Weyl semimetals) [9]. 
Third, these topological states could be easily tuned 
by controlling the micromagnetic structure (magne-
tic fields, electric fields at interfaces, strains, proximi-
ty effects/spin transfer torque...), and are therefore of 
great interest for quantum spintronics, for instance 
allowing for the dissipationless propagation of pure 
spin states along 1D channels.
In our study, we have shown that MBT family 
undergoes a crossover from a large inter-2D layer 
exchange coupling (giving a 3D AFM state in  
MnBi2Te4) to the weak-interlayer coupling as soon 
as a single non-magnetic spacer is added in between 
2D ferromagnetic layers in MnBi4Te7. Moreover the 
perpendicular anisotropy is large enough to drive 
a metamagnetic transition with a fully magnetized 
remnant state perpendicular to the surface, alrea-
dy for a single nonmagnetic spacer, as realized in 
MnBi4Te7 at low temperatures. This uniform and 
long-life metastable magnetization state could play 
A bilayer Stoner-Wohlfarth model describes this 
evolution, as well as the typical angular dependence 
of specific signatures, such as the spin-flop transition 
of the uniaxial antiferromagnet and the switching 
field of the metamagnet. This result is important to 
search for new classes of magnetic topological mate-
rials, in particular to observe the QAH phase above 
1K (the limit due to disorder in diluted magnetic 
topological insulators), which requires to control the 
micromagnetic configuration of thin films. Thanks 
to its versatile magnetic and electronic properties, 
the MBT family is thus a unique material platform 
for the realization of tunable topological quantum 
phenomena with spin-textured quasiparticles.
Towards magnetic topological electronic phases at 
higher operating temperatures 
The strong spin-orbit coupling in such crystals 
also modifies the topology of their electronic band 
structure, by a band-inversion mechanism. With the 
discovery of the first antiferromagnetic topological 
insulator [7], vdW magnetic multilayers therefore 
appear as choice materials to combine both magne-
tism and topology, with the new possibility to tune 
topological electronic states by controlling the ma-
gnetization (amplitude/orientation of the order para-
meter). This gives a unique opportunity to investiga-
Abb. 2: Kollinearer Antiferromagnetismus in MnBi2Te4, der durch deutliche Spin-Flop-Übergänge im senkrecht zur Ebene verlaufenden Magnetowiderstand und eine für 
kleine Austauschwechselwirkungen typische große Spinverschiebung sichtbar wird (links). Ein vollmagnetisierter Zustand (FM-ähnlich) wird nur in großen Feldern erreicht, 
wie im Phasendiagramm (rechts) zu erkennen ist.
Fig. 2:  Collinear antiferromagnetism in MnBi2Te4, is revealed by visible spin-flop transitions in the perpendicular-to-plane magneto-resistance and a large spin canting 
typical for small exchange interactions (left). A fully-magnetized state (FM-like) is obtained in large fields only, as seen in the phase diagram (right).
MnBi2Te4
an important role to stabilize QAH-based devices at 
higher operation temperatures than achieved with 
disordered diluted magnetic semiconductors. Our 
results also show the importance to increase not only 
exchange interactions but also the magnetic aniso-
tropy in order to achieve stable/homogenous micro-
magnetic structures in ultra-thin magnetic TIs.
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Abb. 3: Übergang vom Antiferromag-
netismus zum Metamagnetismus in 
MnBi4Te7, wie im oberen bzw. unte-
ren Bild beschrieben. Unterhalb der 
Blocking-Temperatur TB bleibt die 
Magnetisierung vollständig gesättigt 
bei Remanenz (B=0). Die Magnetisie-
rungskurven (Mitte) sind gut durch 
Berechnungen beschrieben, die auf 
einem zweischichtigen Stoner-
Wohlfarth-Modell mit Zwischen-
schichtaustausch J und uniaxialer, 
senkrechter Anisotropie K basieren 
(rechts). Der metamagnetische 
Zustand wird durch die dominante 
Anisotropie bei niedriger Temperatur 
hervorgerufen. 
Fig. 3: Transition from antiferro-
magnetism to metamagnetism in 
MnBi4Te7, as described in the upper 
and lower frames, respectively. 
Below the blocking temperature 
TB, the magnetization remains 
fully saturated at remanence (B=0). 
Magnetization curves (center) are 
well reproduced by calculations 
based on a bilayer Stoner-Wohlfarth 
model with interlayer exchange J and 
uniaxial perpendicular anisotropy 
K (right). The metamagnetic state is 
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Magnetic bistability in monolayers of metallofullerene 
single molecule magnets
 
Denis S. Krylov, Sebastian Schimmel, Vasilii Dubrovin, Fupin Liu, T. T. Nhung Nguyen, Lukas Spree, Chia-Hsiang Chen, Georgios Velkos, Christian Hess,  
Bernd Büchner, Stanislav M. Avdoshenko, Alexey A. Popov
Die Anwendung molekularer Magnete in der Spintronik er-
fordert, dass ihre Eigenschaften in Kontakt mit den Bauele-
mentelektroden erhalten bleiben. Daher sollte der Magnetis-
mus potenzieller Materialien an der Grenzfläche zu leitenden 
Substraten untersucht werden. In dieser Arbeit haben wir 
Monoschichten aus Dy2ScN@C80, einem am IFW Dresden 
synthetisierten Einzelmolekülmagneten auf Fullerenbasis, 
auf Gold- und Silbersubstraten hergestellt. Die Anordnung 
der Moleküle in den Monoschichten wurde durch Rastertun-
nelmikroskopie mit molekularer Auflösung untersucht. Die 
Analyse der magnetischen Eigenschaften einer Monoschicht 
durch Messung des magnetischen zirkularen Dichroismus 
mit Synchrotronröntgenstrahlung ergab, dass der Fulleren-
käfig zum Schutz der magnetischen Bistabilität endohedra-
ler Spezies beim Kontakt mit Metallen beiträgt.
Application of molecular magnets in spintronics requires 
that their properties are preserved in contact with the 
device electrodes. Therefore, magnetism of prospective 
candidates should be studied at the interface with 
conducting substrates. In this work, we prepared monolayers 
of Dy2ScN@C80, a fullerene-based single-molecule magnet 
synthesized in IFW Dresden, on gold and silver substrates. 
The packing of the molecules in the monolayers was 
studied by scanning tunneling microscopy with molecular 
resolution. Analysis of the magnetic properties of monolayer 
by synchrotron X-ray magnetic circular dichroism proved that 
the fullerene cage helps to protect magnetic bistability of 
endohedral species at the contact with metals.
Abb. 1: Obere Hälfte: Anordnung der Einzelmoleküle auf 
Gold-Einkristallen, gemessen durch Rastertunnelmikroskopie. 
Untere Hälfte: Umverteilung der Elektronendichte im Fullerenmolekül auf Gold.
Fig. 1: Upper half: arrangement of single molecules on gold single crystal mea-
sured by scanning tunneling microscopy, lower half: electron 
density redistribution in the fullerene molecule on gold.
Single molecule magnets (SMMs) are molecular 
materials exhibiting magnetic bistability and slow 
relaxation of magnetization.[1-2] Since these proper-
ties should be preserved even for single molecules, 
the prospects of SMMs in information storage and 
spintronics [3] have been pushing the field toward 
developing new molecules with better SMM per-
formance and higher operating temperatures.[4-7] 
So far, the vast majority of the studies of SMMs have 
been performed for their powders and crystals. At 
the same time, realization of the true advantages of 
SMMs over bulk magnetic materials require the sca-
ling down to 2D, 1D, and eventually a single-mole-
cule level. Investigation of the magnetic properties of 
monolayers is thus the next logical step after the bulk 
SMM behavior is established. However, formation 
of monolayers requires certain chemical or thermal 
stability, which many SMMs do not have, whereas 
surface techniques for the study of the sample mor-
phology or magnetism are rather complicated. As a 
result, the SMMs, whose magnetic properties have 
been studied on surfaces, are very rare in compa-
rison to hundreds of known SMM compounds.[8] 
The scaling down to a monolayer level also raises 
a question of the substrate influence on the SMM 
properties of adsorbed molecules. In particular, 
interaction with conducting electrons is believed to 
be deteriorating for the SMM behavior.
Endohedral metallofullerenes [9] form a special class 
of SMMs, in which lanthanide clusters with unusual 
magnetic properties are encapsulated within the car-
bon cage.[10-13] High thermal stability of fullerenes 
enables growth of their monolayers by sublimation.
[14] In this work, we explore if the SMM proper-
ties of metallofullerenes are preserved when they 
are deposited on metallic substrates.[15] Molecular 
structure of Dy2ScN@C80 chosen for the study is 
shown in Fig. 1a. Its magnetic properties are caused 
by the presence of two Dy3+ ions, which are connec-
ted via the nitride ion. Our earlier studies showed 
that powder samples of Dy2ScN@C80 demonstrate 
magnetic hysteresis below 8 K with a coercive field 
of 0.8 T (Fig. 1b). [16]
The molecules were deposited onto metal surfaces 
by evaporation under ultra-high-vacuum conditions 
during 20 minutes at 450–460 ⁰C. Analysis of the 
deposited layers by scanning tunneling microscopy 
(STM) revealed the half of the substrate surface is 
covered with fullerene molecules, which self-assem-
ble into closed monolayer islands with hexagonal 
packing. The electronic structure of Dy2ScN@C80 on 
Au(111) was studied by scanning tunneling spectro-
scopy (STS), which gives information about the local 
density of electronic states on per-molecule basis. 
STS showed that fullerene molecules likely to have 
four landing orientations with slightly different elec-
tronic properties. All of them preserve semiconduc-
ting properties of the fullerene with the band gap of 
1.7 ± 0.1 eV. Confirmation of the monolayer nature 
of the molecular films is crucial for their magnetic 
studies. Formation of multilayer structures would 
not allow addressing the main question of the study, 
the properties of SMM molecules in direct contact 
with metal.
Magnetic properties of molecular monolayers 
cannot be studied by conventional magnetometry 
techniques since they are not sufficiently sensitive to 
such a small amount of magnetic material. Therefo-
re, we had to use synchrotron X-ray magnetic cir-
cular dichroism (XMCD) for this study. In XMCD, 
absorption spectrum of a thin film is measured with 
circular-polarized X-rays produced by a synchrotron 
radiation source. When the sample is magnetic, X-
rays with left-hand and right-hand circular polari-
zation are absorbed differently, and this difference 
(called dichroism) depends on the magnetization of 
the sample. X-ray absorption is very surface sensitive 
and gives strong signals even for the films with sub-
monolayer coverage. Thus, XMCD is perfectly suited 
to study magnetism in molecular monolayers. In 
this work, the magnetic properties of Dy2ScN@C80 
monolayers were studied by Dy-M4,5 XMCD at the 
X-Treme beam line at the Swiss Light Source, Paul 
Scherrer Institute.
At first, intensity of the XMCD signal was measu-
red at different angles between the X-ray beam and 
the monolayer surface. Such measurements help to 
understand if magnetic moments have preferential 
orientation in the monolayer, as in this case strong 
angular dependence of XMCD is expected. Since 
magnetic moments of Dy ions in Dy2ScN@C80 
are oriented along the Dy–N bonds (Fig. 1a), the 
angular dependence of XMCD essentially provides 
information on the orientation of the Dy2ScN clus-
ters when fullerene molecules are absorbed on the 
substrate. Surprisingly, the fullerene monolayers sho-
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For a deeper insight into the interaction between 
fullerene molecules and substrates, DFT calculati-
ons were performed for the Dy2ScN@C80 molecule 
placed on Au, Ag, and MgO surfaces. As the Dy2ScN 
cluster may adopt different orientations inside the 
carbon cage, computations were performed for many 
starting configurations of the endohedral cluster. 
Whereas for an isolated Dy2ScN@C80 molecule this 
approach resulted in virtually isoenergetic structures 
with similar geometries, the presence of the subs-
trate resulted in a dramatic increase of the energy 
spread for configurations with different orientations 
of the endohedral cluster. Further analysis revealed 
that the interaction of a fullerene molecule with the 
substrate leads to a change in the electronic distribu-
tion of both. Calculations of atomic charges showed 
that Dy2ScN@C80 molecule transfers 0.2–0.3 e to 
the Au substrate, but acquires a negative charge of 
–(0.2–0.3) e on Ag(100) and –(0.09–0.14) e on MgO. 
The charge redistribution is restricted to the inter-
facial region where the fullerene molecule contacts 
the substrate (Fig. 2b), whereas the largest part of 
the carbon cage as well as the endohedral cluster 
are only weakly affected. The charge of the Dy2ScN 
cluster in adsorbed molecules is virtually the same as 
in the isolated Dy2ScN@C80 molecule.
wed very weak angular dependence of XMCD on Au 
and MgO, which indicates that the Dy2ScN cluster is 
randomly oriented in the Dy2ScN@C80 molecules on 
these substrates. On the other hand, the monolayer 
on the Ag substrate exhibited strong XMCD varia-
tion with the incidence angle, which showed that the 
endohedral cluster is preferentially oriented parallel 
to the surface. 
The XMCD signal at the Dy-M5 edge was used to 
study magnetization curves of Dy2ScN@C80 mono-
layers. Magnetic hysteresis with a coercive field of 
ca 0.4 T is observed for Dy2ScN@C80 monolayers 
on all three substrates near 2 K (Fig. 2a). The asym-
metric orientation of the Dy2ScN cluster is also 
reflected in magnetization curves measured at 30⁰ 
and 90⁰ on Au and Ag substrates (Fig. 2a). Thus, we 
conclude that there is no dramatic deterioration of 
the hysteretic behavior of Dy2ScN@C80 monolay-
ers on metals when compared to the bulk samples. 
Apparently, the fullerene cage provides sufficient 
protection for the endohedral magnetic cluster from 
the demagnetizing influence of metallic substrates. 
Thus, the substrate plays an important role in the 
structural ordering of endohedral cluster, but has no 
strong influence on the SMM properties of adsorbed 
metallofullerenes.
Abb. 2: (a) Molekülstruktur von Dy2ScN@C80 (Dy-Ionen sind als grüne Kugeln dargestellt, die roten Pfeile zeigen die Ausrichtung ihrer magnetischen Momente im Molekül). 
(b) Magnetische Hysteresekurven von Dy2ScN@C80.
Fig. 2: (a) Molecular structure of Dy2ScN@C80 (Dy ions are shows as green spheres, red arrows show orientation of their magnetic moments in the molecule). (b) Magnetic 
hysteresis curves of Dy2ScN@C80.
To summarize, this study revealed that encapsula-
tion of magnetic species inside the fullerene cage 
is a viable strategy toward robust single molecule 
magnets preserving their magnetic properties when 
deposited on metal surfaces. The fullerene acts as a 
Faraday cage protecting the electronic and magnetic 
properties of the endohedral species.
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Abb. 3: (a) Magnetische Hysterese der Dy2ScN@C80 Monoschicht auf Ag, gemessen mit der XMCD-Technik an zwei Winkeln des Röntgen- und Magnetfeldes im Vergleich  
zum Substrat. (b) Isofläche der Differenz-Elektronendichte für Dy2ScN@C80-Molekül auf Ag-Substrat (Die Farben Rot und Cyan markieren die Zunahme bzw. Abnahme  
der Elektronendichte).
Fig. 3: (a) Magnetic hysteresis of Dy2ScN@C80 monolayer on Ag measured by XMCD technique at two angles of the X-ray and magnetic field versus the substrate. 
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Vom Material zum Produkt
Das Forschungsgebiet 4 umfasst Materialsysteme, 
deren Eigenschaften im Hinblick auf konkrete An-
wendungen, Prototypen und Produkte optimiert 
werden. Dies geschieht in der Regel in enger Zusam-
menarbeit mit Industriepartnern. Forschungsergeb-
nisse, die wirtschaftliche Bedeutung haben können, 
werden frühzeitig patentrechtlich geschützt. Eine 
große Zahl nationaler und internationaler Patente 
belegt die Praxisrelevanz dieser Themen.
Ein typisches Beispiel sind akustische-Oberflächen-
wellen-Bauelemente. Diese werden als Frequenzfilter 
zur Auswahl von Signalübertragungskanälen und 
Sensoren verwendet. Sie bestehen aus einem piezo-
elektrischen Einkristallchip, auf dem elektrische in 
akustische Signale und wieder zurück umgewandelt 
werden. Das IFW hat auf diesem Gebiet wichtige 
Innovationsbeiträge geleistet, die direkten Einfluss 
auf die Produkte haben, z. B. die Verbesserung der 
Temperaturstabilität und der elektromechanischen 
Anregung durch Aufbringen eines speziellen Dünn-
schichtmaterials.
Weitere Projekte in diesem Forschungsgebiet betref-
fen Materialien für bio-medizinische Anwendungen, 
Legierungen für hochfeste Werkstoffe, Nanomem-
branen für flexible magnetoelektronische Bauele-
mente und Demonstratoren für die Anwendung von 
Hochtemperatursupraleitern.
Towards Products
This research area comprises materials whose 
physical, mechanical and chemical properties are to 
be optimized with respect to certain applications, 
prototypes and products. Usually this is achieved 
in close cooperation with partners from industry. 
In the case that scientific results are of economic 
importance intellectual property rights are secured. 
A large number of national and international patents 
and a high degree of licensing indicate their practical 
relevance.
A typical example are surface acoustic waves com-
ponents. These are used in sensors and as frequency 
filters for the channel selection in signal transition. 
They consist of a piezo-electric single crystal chip 
which transforms electric signals in acoustic ones 
and back. The IFW has contributed a number of 
innovations in this field, for example a considerable 
improvement of temperature stability and of electro-
mechanical excitation by a special thin film material.
Further projects in this research area concern 
materials for bio-medical applications, alloys for 
high-strength materials, nanomembranes for flexible 
electronic devices and demonstrators for the applica-
tion of high-temperature superconductors.
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Moderne mikroelektronische Systeme und ihre Komponen-
ten sind 3D-Bauteile, die kleiner und leichter geworden sind, 
um leistungsfähiger und gleichzeitig kostengünstiger zu 
werden. Im Zuge dessen sind in den letzten Jahren neuartige 
Materialien und Technologien entwickelt worden, die im 
Vergleich zur konventionellen Mikroelektronik mehr struktu-
relle Freiheiten in 3D bieten. Diese Materialien ermöglichen 
einfachere Fertigungswege und bleiben durch die Selbst-
organisation von ebenen Nanomembranen, die mikroelekt-
ronische Dünnschichtfunktionalitäten in dreidimensionalen 
Strukturen unterbringen, doch kompatibel mit bestehenden 
Herstellungsverfahren. Das IFW Dresden arbeitet daran, die-
se neuen Materialien und Methoden der Selbstorganisation 
mit bisher unerreichter Präzision und hoher Produktivität im 
Wafermaßstab zu entwickeln und zu verbessern.
Modern microelectronic systems and their components 
are essentially 3D devices which have become smaller and 
lighter in order to improve performance and reduce costs. 
Maintaining this trend, novel materials and technologies 
have occurred in recent years offering more structural 
freedom in 3D over conventional microelectronics. These 
materials provide easier parallel fabrication routes and 
remain compatible with existing manufacturing methods 
through self-assembly of planar nanomembranes 
accommodating thin-film microelectronic functionalities 
into complex 3D architectures. The IFW Dresden strives to 
develop and improve these new materials and self-assembly 
methods with unprecedented control and high yield on 
wafer-scale. 
Wafer-scale high quality microtubular devices fabricated via  
dry-etching for optical and electromagnetic applications
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Abb. 1: Das Bild zeigt einen 0402 10 pF MLCC im Vergleich zu einem aufgerollten Kondensator mit 2,85 nF: Wir zeigen Kondensatoren als Alternative zu keramischen Viel-
schichtkondensatoren (MLCC) im Wafermaßstab sowie aufgerollte Flüstergalerieresonatoren mit erhöhtem Q-Faktor. Diese Bauelemente werden durch ein neuartiges Dry-
Release-Verfahren hergestellt, bei dem eine SF6-Plasma-Opferschicht geätzt wird, um aufgerollte Mikrobauelemente auf gespannte Nanomembranen zu platzieren. 
Fig. 1: The picture shows a 0402 10 pF MLCC compared to a 2.85 nF rolled-up capacitors: Capacitors are demonstrated as an alternative to multi-layer ceramic capacitors 
(MLCC) at wafer scale, as well as rolled-up whispering gallery mode resonators with an increased Q-factor. These devices are manufactured by a novel dry release scheme 
utilizing a SF6 plasma sacrificial layer etching to form rolled-up microdevices based on strained nanomembranes.
Microelectronics in the process of change 
Over the past few decades, the evolution of microe-
lectronics has generated the need for multi-functio-
nal devices coupled with higher integration densities 
within the limited three-dimensional (3D) space 
in modern consumer and biomedical electronic 
systems. Increasing the functional complexity of 
electronic applications often balances between fa-
brication costs and manufacturing efficiency, which 
are affected by the methods and processes employed. 
Overall manufacturing has become increasingly 
more complicated as the fabrication is shifted from 
building relatively simple transistors and logics to 
highly integrated microcontrollers and displays, the 
latter of which utilizes some of the most technolo-
gically advanced wafer scale processes available in 
the industry. Wafer scale manufacturing of semicon-
ductor devices has been used for decades as a largely 
parallel process to fabricate complex circuits such 
as processors, amplifiers, and radio frequency (RF) 
devices ever since integrated circuits were demon-
strated. The success of these technologies has been 
achieved through enhanced integration of various 
active functional blocks such as transistors, digital 
logics, and analog circuits, along with advances in 
miniaturization and simplification of the overall ma-
nufacturing process, eventually leading to large scale, 
parallel fabrication of silicon chip based microelec-
tronic components and systems. Highly integrated 
silicon-based devices still require several external 
supporting components for their operation such as 
wiring, powering, sensing, and communications that 
cannot be easily integrated within the planar surface 
of a silicon die. Thus, sensors, actuators, capacitors, 
coils, antennas, and optics, each crucial for the com-
plete system, are typically placed separately from the 
silicon chip onto a printed circuit board (PCB), or 
integrated within another package (Figure 2).
The common phenomenon of Self-assembly
While the need for ever decreasing sizes has de-
manded tremendous investments and efforts in the 
manufacture of completed assemblies, the miniatu-
rizing of 3D electronic components and systems has 
nevertheless reached the range of mesoscopic sizes 
(< 1 mm) where the manufacture and assembly of 
components experience challenges with respect to yi-
eld, costs, and reliability. [2] As a result, these issues 
limit the fabrication potential and commercial via-
bility of  components and systems to scales around 
1 mm, [3] and despite efforts to improve the planar 
construction of mesoscopic 3D devices, the results 
are seen as inefficient and experience difficulties 
in achieving high performances while maintaining 
reasonable complexity. Despite the great success in 
manufacturing active electronics, such concerns are 
strongly related to the fabrication of passive elect-
ronic components like inductors, capacitors, anten-
nas, and resonators where material properties (e.g. 
mechanical, magnetic and electrical) and geometry 
play a crucial role. [3, 4] 
In order to downscale these devices further and 
improve integration with active electronics, novel 
fabrication strategies have been developed.  
Inspired by biological processes, IFW Dresden has 
explored 3D self-assembly in recent years to address 
the limitations of current manufacturing technolo-
gies. Self-assembly as a common phenomenon to bu-
ild hierarchically ordered structures widely exists in 
nature, ranging from nanoscale sizes such as protein 
folding up to microscale origami-like architectures.
In contrast to the nanoscale where the self-assembly 
is driven by chemical functional group interactions, 
on the microscale strain engineering forms an ele-
gant way to create three-dimensional (3D) micros-
tructures from lithographically patterned two-di-
mensional (2D) thin films. Notorious examples are 
micro-cylinders, cubes and other polyhedrons which 
have already found applications, for instance, in 
electronics, photonics and biology.  
Self-assembly by the roll-up of structured thin-film 
stacks into tubular “Swiss Rolls” has been particu-
larly successful in creating micromachined devices 
such as inductors [5], capacitors [6, 7], micro-robots 
[8] and optical resonators [9, 10] to only name a few.  
However, wet-release techniques that are used in the 
fabrication of these microtubular architectures often 
suffer from serious stiction and damage problems 
due to the presence of capillary forces and aggressive 
reagents, resulting in limited yield, reproducibility, 
uniformity and an overall deterioration of the device 
performance. Although dry release methods have 
been explored by spontaneous delamination of layer 
stacks upon thermal annealing or selective unde-
retching in gaseous atmosphere, well-controllable 
Forschungsgebiet 4: Vom Material zum Produkt
Research Area 4: Towards Products
67 
Forschungsgebiet 4: Vom Material zum Produkt
Research Area 4: Towards Products
68
deposition of an ultra-thin selective guiding layer 
that helps to guide the roll - up, a customized design 
of trenches and opening windows, which enable the 
simultaneous self-assembly of thousands of devices 
on a single wafer (Figure 1). 
This novel release scheme yields excellent uniformity 
and reproducibility for fabricating high quality rol-
led-up micro-capacitors. An 84% yield of micro-ca-
pacitors are well within the E24 and 91 % are within 
the E12 industrial standard of IEC/EN 60062. 
For photonic components we show that active opti-
cal microtube resonators exhibit optical resonances 
in a broad spectral range with record high Q-fac-
tors above 7800. The process quality can be further 
enhanced in an industrial fabrication line due to su-
perior cleanness and optimized deposition processes 
aiming for an even higher yield of micro-capacitors 
within the most demanding E96 standard. 
This work represents a major step toward on chip, 
mass integration of 3D electronic, photonic, and 
micro/nano electromechanical systems relying on 
self-assembly of multifunctional nanomembranes.
fabrication with high yield and quality on wafer-sca-
le has not been reported so far. To address this issue, 
the IFW Dresden present [11] wafer-scale fabrica-
tion of high quality microtubular devices (Figure 1) 
via dry rolling of prestrained metal, dielectric and/
or metallic/dielectric hybrid nanomembranes from 
a silicon sacrificial layer, indicating broad applica-
tions in photonic and electromagnetic applications 
compatible to CMOS integration and dimensions 
unbeatable by conventional MLCC technologies.
Excellent uniformity and reproducibility
This technology demonstrates a deterministic well-
controlled CMOS compatible process for the prepa-
ration of rolled-up microdevices on wafer scale. 
The process flow is easily realized with standard 
tools used in commercial production lines for elec-
tronic and photonic chip integration such as plas-
ma and gas phase etching (Figure 3), lithographic 
and probing devises. The dry release from a silicon 
sacrificial layer was achieved and controlled by the 
Abb. 2: Herkömmliches elektronisches Gerät [1] mit einzelnen passiven elektronischen Bauteilen, die während der Herstellung mehrere halbparallele und aufeinanderfol-
gende Schritte erfordern. Diese Komponenten werden immer kleiner und nähern sich damit den Grenzen der Bearbeitung von Montagemaschinen. 
Fig. 2: Conventional electronic device [1] with discrete electronic passive components requiring several semi-parallel and sequential steps during fabrication. These compo-
nents have become progressively smaller approaching capabilities of existing pick-and-place machine.
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Abb. 3: Das XeF2-Ätzwerkzeug der Firma SPTS Xactix, mit dem die aufgerollten Kondensatorstrukturen trockengeätzt werden.
Fig. 3: The XeF2 etching tool manufactured by SPTS Xactix which is used to dry etch the rolled-up capacitor structures. 
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Abb. 1: Im Lichtbogenofen gegossene AuCuNiPdPt Legierung und Kokille. 
Fig. 1: Cast AuCuNiPdPt alloy and mould of the arc-melting setup.
Die Untersuchung von Hoch-Entropie Legierungen mit 
frei einstellbarer Zusammensetzung ist ein Schlüsselinst-
rument, um die Mischkristallverfestigung in hochkonzen-
trierten Legierungen zu bestimmen. Mit dem klassischen 
Modell wird diese in Legierungen mit nur einem Basis-
element und Gehalten der Legierungselemente <10 at% 
akkurat beschrieben. Um die Festigkeit hochkonzentrierter 
Legierungen, einschließlich solcher ohne Hauptelement, 
zu beschreiben und vorherzusagen sind neue Modelle er-
forderlich. Bis heute ist außer den am IFW Dresden entwi-
ckelten Au-Cu-Ni-Pd-Pt Hoch-Entropie Legierungen keine 
andere Verbindung bekannt, die in der Lage ist,  
Modelle zur Mischkristallverfestigung in hochkonzentrie-
ren Legierungen zu verifizieren oder zu falsifizieren.
The investigation of high-entropy alloys with deliberately 
adjusted composition is a key tool to determine solid 
solution strengthening in highly concentrated alloys. 
The classic model accurately describes the solid solution 
strengthening in alloys with only one base element and 
alloying element contents of up to 10 at%. To describe and 
predict the strength of highly concentrated alloys, including 
those without a main element, new models are required. 
To date, apart from the Au-Cu-Ni-Pd-Pt high-entropy alloy 
developed at IFW Dresden, no other compound is known that 
is able to verify or falsify solid solution strengthening models 
in highly concentrated alloys.
High-entropy alloys as a tool for an enhanced
understanding of solid solution strengthening
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Multicomponent solid solutions
Conventional alloys are based on one single princi-
ple element with further elemental additions. The 
base element fulfills the most prominent require-
ment of the desired application, while further tuning 
of the materials properties is controlled by targeted 
alloying. In this context, e.g. steels are developed for 
energy absorbing components or Al-based alloys 
are targeting at a high specific strength. This design 
strategy is limited in terms of selecting the best com-
promise of materials properties for the base element. 
Thus, the number of possible element combinations 
is limited, which is believed to be leading to a satura-
tion in the development of novel high-performance 
alloys [2].
A new approach to significantly enlarge the compo-
sitional space is based on alloys from multi-principal 
elements in high concentrations, some of which are 
in equiatomic composition. Comparing to con-
ventional alloys, the composition range is faintly 
investigated and offers the potential to discover new 
promising alloys with unique properties. This is fea-
sible, because certain multicomponent alloys unex-
pectedly form simple single-phase crystal structures 
with high symmetry, i.e. fcc, bcc or hcp and without 
any intermetallic phases or secondary phases. These 
so-called high-entropy alloys consist of at least five 
principle components in (near-)equiatomic com-
position. At early stages of research this intriguing 
investigation was traced back to an increased confi-
gurational entropy of mixing due to the presence of 
multiple elements in near-equiatomic concentrations 
which overcome the enthalpies of mixing for decom-
position in several phases including intermetallics 
and stabilizes the single-phase solid solution [3]. 
Thus, they established the name high-entropy alloys 
(HEAs) for this novel alloy class. Even though the 
configurational entropy cannot be the main and only 
cause for alloy formation regarding the Gibbs free 
energy for thermodynamic equilibrium, this vogue 
term persisted for these kind of multicomponent 
alloys [2].
In high-entropy alloys, which are single-phase, solid 
solution strengthening is the main contribution 
to the strength. However, classic theories for solid 
solution strengthening were made for solutions 
with solvents of up to 10 at % in a single component 
matrix. Thus, the development of novel theoretical 
models for solid solution strengthening in highly 
concentrated alloys is desired. With the help of such 
a model, the strength of highly concentrated alloys 
including those with no principal element shall be 
described and possibly predicted. For experimental 
validation of these models, solid solutions with unli-
mited solubility are required as this allows the inves-
tigation of the strength in dependence on composi-
tional changes without the necessity to also consider 
secondary phases or structural changes. Therefore, 
the investigation of high-entropy alloys with delibe-
rately adjusted composition is a key tool to extend 
current theories for solid solution strengthening to 
highly concentrated alloys. Even in the various field 
of high-entropy alloys with many alloy systems, 
the AuCuNiPdPt high-entropy alloy is unique in 
the sense, that (I) it is single phase, (II) it forms a 
homogeneous solid solution and (III) deviations in 
composition do not alter this, i.e. the region of this 
solid solution presumably spans the whole range 
of chemical compositions including the elements, 
binary, ternary, quaternary and in particular the qui-
nary alloys [4]. Hence, this Au-Cu-Ni-Pd-Pt system 
fulfils the mentioned requirements for validation of 
the theory and can be regarded as a benchmarking 
system for other single-phase high entropy alloys.
Solid solution strengthening in high-entropy alloys
For understanding and even predict the mechani-
cal properties of HEAs it is essential to develop a 
wholistic model which describes the solid solution 
strengthening. This is challenging, since the contri-
butions to the strength, such as parelastic (variation 
of the lattice parameter), dielastic (variations of the 
shear modulus) and chemical (variations of the sta-
cking fault energy), multiple interaction forces have 
to be considered [5]. 
The most promising theory of solid solution streng-
thening in fcc multicomponent alloys was developed 
by Varvenne et al. as an extension of the Labusch- 
type weak-pinning model [1, 6]. The main issue for 
such a model is, that there is no reference solvent 
element in  high-entropy alloys since different com-
ponents occur in similar content and the concept 
of solvent and solute, known from conventional 
theories, vanishes. For this purpose, Varvenne et al. 
define an effective averaged matrix, representing the 
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will be observed when a single element is added to a 
multi-component alloy. This is proven with the help 
of (AuCuPdPt)1-xNix alloys with Ni concentrations 
in the range of 0 ≤ x ≤ 0.2. Among these elements, 
Cu and Ni have the smallest metallic radii, while Au 
has the largest one. All alloys in this series are single-
phase. This was confirmed by XRD and SEM on the 
µm scale as shown in Fig. 1 and by atom probe to-
mography on the nm scale (not shown here). There 
are no indications of precipitates or secondary pha-
ses. Furthermore, the XRD pattern reveals a simple 
Cu-type crystal structure without any additional 
intensity which could stem from unintended features 
as e.g. ordering. The lattice parameter obtained from 
Rietveld analyses is linearly dependent on the Ni 
concentration, which proofs the validity of Vegard’s 
rule of mixture for this system and the persistence 
of fcc, single-phase crystal structure over the entire 
concentration range. Hence, the strengthening effect 
of Ni atoms on the HEA can be clearly identified.
The mechanical behaviour of this series is reflected 
by the yield strength σY as shown in Fig. 2.  
Further, the theoretical contribution of solid solution 
strengthening of the yield strength ∆σc,ss calculated 
from Varvenne’s model is depicted. As be seen, an 
increasing δ parameter, which scales with the Ni 
content, results in a strong linear increase in σY from 
430 MPa to 820 MPa. A linear increasing trend is 
also observed when considering the model predicti-
on of solid solution strengthening ∆σc,ss, resulting in 
a good correlation between theory and experiment. 
mean concentration-weighted properties of the alloy 
components. The strengthening effect arise from 
local concentration fluctuations leading to attrac-
ting and repelling forces on the dislocation line and 
thus a wavy dislocation line shape. At the expense 
of dislocation line energy, sections of the dislocation 
line would bow out into regions with lower potential 
energy. Moving the dislocation out of this potential 
energy minimum, a higher shear stress is necessarily 
followed by an increased yield strength of the HEA 
[1]. The model clearly identified which material para-
meters play a major role for strengthening, i.e.  
(I) the strength does not directly depend on the num-
ber of elements in the alloy, (II) the shear modulus 
and the concentration-weighted mean-square misfit 
volume quantity (δ) are the key parameters for the de-
termination of the strength and (III) the stacking fault 
energy has little influence on the strength [1, 7]. On 
the other hand, this model also bears some significant 
drawbacks as e.g. it assumes a random distribution of 
the components on the lattice site, which is presuma-
bly not the case. 
Solid solution strengthening in (AuCuPdPt)1-xNix
The effect of solutes on the strength has been asses-
sed for multi-component and high-entropy alloys, 
as described before. The basic assumption of these 
considerations is that the microstructure is single 
phase and elements are randomly distributed on the 
lattice site. If this is true, solid solution strengthening 
Abb. 2: Dehngrenze und der berechnete Beitrag zur Mischkristallverfestigung 
von (AuCuPdPt)1-xNix  Legierungen als Funktion von x und δ.
Fig. 2: Yield strength and calculated contribution of solid solution strengthening 
of (AuCuPdPt)1-xNix alloys in dependence of x and δ. 
In conclusion, these experiments clearly prove, that 
the assumption of Varvenne et al. being made to as-
sess solid solution strengthening in multicomponent 
alloys like high-entropy alloys, is valid.
Summary 
High-entropy alloys are a novel strategy to design 
materials within concentration spaces which are so 
far unaffected by conventional alloys. The precious-
metal based high-entropy alloy system Au-Cu-Ni-
Pd-Pt is capable of validating persisting models for 
solid solution strengthening in highly concentrated 
alloys, as adjustments in the chemical composition 
do not alter the single-phase nature of this alloy. In 
the case of (AuCuPdPt)1-xNix experimental yield 
strength and its theoretical prediction are in good 
accordance, showing a linear increasing dependency 
on the Ni-content.
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Abb. 3: Gefüge von  (AuCuPdPt)1-xNix Legierungen im rekristallisierten Zustand. Die innenliegenden Abbildungen zeigen die Veränderung des 
Gitterparameters in Abhängigkeit vom Ni Gehalt und ein repräsentatives Beugungsbild für AuCuPdPt.
Fig. 3: Microstructure of (AuCuPdPt)1-xNix alloys in the recrystallised state. The inserts show the variation of the lattice parameter 
with the Ni content as well as a representative XRD pattern for AuCuPdPt.
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Abb. 1: Akustische Oberflächenwellenbauelemente, die mittels Mikrostrukturierung auf einem piezoelektrischen Substrat hergestellt wurden.
Fig. 1: Surface acoustic wave devices fabricated on piezoelectric substrate using micro-structuring techniques.
Die aktive Beeinflussung von Flüssigkeiten sowie von 
darin enthaltenen Partikeln oder Zellen im Mikro- und 
Nanobereich ist eine Schlüsseltechnologie innerhalb der 
Biowissenschaften. Akustische Wellen, genauer gesagt, 
Ultraschallwellen mit hohen Frequenzen weit außerhalb 
des hörbaren Bereichs, sind für diesen Zweck besonders 
geeignet, da sie eine präzise steuerbare und berührungs-
lose Manipulation sehr kleiner Objekte ermöglichen.
Am SAWLab Saxony des IFW Dresden wurde ein neu-
artiger Mechanismus für die Mikrofluidik entwickelt, der 
von hochfrequenten Schallwellen angetrieben wird. Das 
Verfahren basiert auf der gezielten Änderung der mecha-
nischen Schwingungsebene von akustischen Oberflächen-
wellen und verbessert den mikrofluidischen Antrieb für 
Lab-on-a-Chip-Anwendungen erheblich.
Active manipulation of fluids as well as of immersed particles 
or cells at the micro- and nanoscale is a key technology for 
life sciences. Acoustic waves, more precisely, ultrasonic 
waves featuring high frequencies far beyond the audible 
range, are predestined for this purpose because they allow 
for precisely controllable and contact-free handling of very 
small objects.
A novel mechanism for microfluidics driven by high-
frequency acoustic waves has been developed at IFW’s 
SAWLab Saxony. The method is based on the active 
manipulation of the mechanical vibration plane of surface 
acoustic waves and was successfully demonstrated to 
significantly improve microfluidic actuation for lab-on-a-chip 
applications.
Selective polarization conversion of surface acoustic waves –  
a new driving mechanism for acoustofluidics
 
Robert Weser, Alexandre Darinskii1, Manfred Weihnacht2, Hagen Schmidt
Surface acoustic wave (SAW) devices like high-fre-
quency analog bandpass filters and resonators are al-
ready key components for all mobile communication 
devices, including wireless networks, mobile phones, 
Bluetooth and infrared signaling. 
The current activities at the SAWLab Saxony are 
focused on the second and third generation of SAW 
applications, namely
I) wireless, self-sufficient sensing at high temperatu-
res (>600°C) and harsh environments, and 
II) SAW-driven acoustofluidics. 
The topic presented here refers to the latter one and 
results from a comprehensive approach considering 
electroacoustic fundamentals, functional thin films 
as well as the specific microfluidic application.
Polarization conversion of surface acoustic waves
Using ultrasonic waves for selective and noninvasive 
actuation of fluids as well as of immersed particles 
and cells at the microscale is state of the art. In ge-
neral, the interaction of high-frequency mechanical 
waves with the fluid gives rise to acoustically indu-
ced forces that can be used for rapid fluid mixing, for 
sorting and trapping of particles/cells and for aerosol 
generation.
The most common method to excite ultrasonic wa-
ves relies on the inverse piezoelectric effect, i.e. the 
generation of mechanical strain in a specific solid 
material resulting from an applied electrical field. 
In case of surface acoustic waves (SAW), the voltage 
is applied to a pair of comb-shaped, planar electro-
des (interdigital transducer, IDT) that are arranged 
on the piezoelectric substrate material, e.g. lithium 
niobate. Thus, the acoustic wave propagates along 
the substrate surface with a penetration depth in the 
order of the wavelength. The mechanical strain (dis-
placement amplitude) is composed of three spatial 
components, namely, two in-plane components in 
parallel and perpendicular to the propagation direc-
tion respectively, as well as one out-of-plane compo-
nent that is directed perpendicular to the surface. 
Moreover, an electrical field is accompanying the 
SAW since the mechanical strain generates an elec-
trical potential due to the piezoelectric effect. The 
distribution of both, the components of mechanical 
displacement amplitude and the electrical potential 
represents the polarization of the surface acoustic 
wave.
SAW-based microfluidic devices mostly consist of 
at least one IDT on a piezoelectric substrate utilized 
for the excitation of high-frequency mechanical 
waves. The fluid and immersed particles/cells are in 
direct contact to the substrate surface and enclosed 
by a vessel commonly made from a polymer. For 
actuation purposes, vertically polarized SAWs are 
typically utilized due to their large out-of-plane (ver-
tical) displacement amplitude that mainly provokes 
the transfer of momentum to the fluid resulting in 
the acoustic radiation force and acoustic streaming. 
Using vertically polarized SAW comes along with 
two major drawbacks: 
I) the SAW is strongly attenuated during the trans-
mission under the vessel wall and 
II) the interaction with the fluid immediately starts 
after the SAW encounters the fluid volume inside the 
vessel.
To overcome these drawbacks, an alternative ap-
proach has been invented and investigated at IFW’s 
SAWLab Saxony based on the selective conversion 
of SAW polarization. The fundamental idea is to 
excite a shear-horizontal SAW characterized by a 
dominating in-plane component of mechanical dis-
placement that is directed perpendicular to the SAW 
propagation direction, and to change SAW polari-
zation inside the microfluidic vessel in order to start 
fluid actuation (Fig. 2). Using shear-horizontally 
polarized SAW significantly reduces the attenuation 
during transmission of the vessel wall. 
Moreover, the interaction with the fluid is minor 
as compared to vertically polarized SAW yielding 
almost no transfer of momentum. Thus, the out-
of-plane displacement has to be increased once the 
SAW propagates inside the vessel, i.e. the polariza-
tion has to be changed.
A straightforward approach for the selective conver-
sion of SAW polarization has been investigated in 
the IFF research team Surface Dynamics. Therefore, 
a metal thin film is deposited on the surface of a 
piezoelectric substrate that locally changes the elec-
trical boundary conditions of SAW propagation, i.e. 
shortens the electrical field at the substrate surface. 
Under certain conditions, i.e. for particular substrate 
materials, the out-of-plane displacement amplitude 
significantly increases if the SAW passes the tran-
sition from free to metallized surface. This effect 
was comprehensively investigated with the help of 
experiments and simulations.  
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Abb. 3: Die Polarisationsumwandlung bei akustischen Oberflächenwellen (SAW) ermöglicht ein gezieltes Einfangen von Partikeln:  
Partikel werden ausschließlich im aktiven Bereich eingefangen (Mikroskopaufnahme, a), der im Vergleich eine größere Auslenkungsamplitude senkrecht zur  
Oberfläche aufweist (gemessen mit Laser-Doppler Vibrometer, b).
Fig. 3: Polarization conversion of surface acoustic waves (SAW) allows for selective particle trapping: 
particles are solely trapped at the active area (microscopic image, a) showing comparable higher out-of-plane displacement amplitude  
(measured with laser Doppler vibrometer, b).
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Abb. 2: Grundprinzip der Polarisationsumwandlung bei akustischen Oberflächenwellen.
Fig. 2: Fundamental principle of polarization conversion of surface acoustic waves (SAW).
A high-frequency laser Doppler vibrometer was 
used to realize high-resolution measurement of the 
out-of-plane (vertical) component of mechanical 
displacement. Corresponding results also help to 
validate numerical simulations and the underlying 
physical model. Performing simulations is of parti-
cular importance because it gains insight to micro 
acoustic fundamentals that are not accessible by 
means of experiment, e.g. the determination of the 
complete SAW polarization vector as well as the 
detection of other acoustic wave modes inside the 
substrate material.
New opportunities for SAW-driven microfluidics
The novel concept of SAW polarization conversion 
provides two main advantages for microfluidic 
actuation purposes. Besides the reduced attenuation 
of SAW during transmission of the vessel wall, the 
region of fluid actuation (active area) can be pre-
cisely selected by means of the lateral layout of the 
metallized substrate area. This effect was successfully 
demonstrated for the trapping of particles (10 µm 
diameter) immersed in water (Fig. 3). The particles 
accumulate within the active area characterized by a 
larger out-of-plane displacement amplitude caused 
by the intended change of SAW polarization. 
Thus, the acoustic radiation force induced by the 
vertical displacement is significantly higher at this 
region yielding to a trapping of particles. Regions 
without this polarization conversion show signifi-
cantly lower amplitudes yielding minor forces in the 
fluid not capable to trap particles.  
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The lateral position, the dimensions as well as the 
shape of the active area can be simply adapted by 
means of the lateral layout of the metal thin film. 
Hence, a new degree of freedom is available for the 
design of SAW-driven microfluidic devices that are 
predestined for controllable handling, e.g. separation 
or trapping of cells.
The original idea as well as the application oriented 
research on the SAW polarization conversion effect 
are mainly driven by the comprehensive expertise 
at SAWLab Saxony covering the whole range of 
research starting with micro acoustic fundamentals, 
followed by investigations on dedicated materials, 
finally leading to a proof of concept for a novel me-
chanism of SAW-driven microfluidic actuation. 
The fundamental concept of SAW polarization conver-
sion has been granted as a patent (DE 10 2017 118 878).
References
[1] A.N. Darinskii et al., Ultrasonics 78 (2017) 10
[2] A.N. Darinskii et al., J. Appl. Phys. 123 (2018) 014902




1) Institute of Crystallography,  
FSRC "Crystallography and Photonics", Russian 
Academy of Sciences, Moscow, Russia







Prof. Dr. Bernd Büchner (temp.)
Institute for 
Metallic Materials
Prof. Dr. Kornelius Nielsch
Institute for
Solid State Research
Prof. Dr. Bernd Büchner
Surface Dynamics
Dr. Hagen Schmidt
Transport and  
Scanning Probe Microscopy
Dr. Joseph Dufouleur
Dr. Thomas Mühl 
Dr. Louis Veyrat3











Electronic and Optical Properties


















Dr. Thomas G. Woodcock
Functional Oxide Layers and 
Superconductors
Dr. Ruben Hühne










Chemistry of Functional Materials
Dr. Annett Gebert
Dr. Daria Mikhailova
Alloy Design and Processing
Prof. Dr. Julia Hufenbach7
Dr. Uta Kühn
Dr. Maria Krautz
Prof. Dr. Jens Freudenberger
Topological Superconductivity in 
Complex Quantum Matter
Dr. Nicola Poccia
PPMS Labore Measurement Lab








Prof. Dr. Bernd Büchner  
Juliane Schmidt 
Prof. Dr. Kornelius Nielsch
Prof. Dr. Prof. h. c. Oliver G. Schmidt
Prof. Dr. Jeroen van den Brink
Scientific Director
Prof. Dr. Bernd Büchner
Executive     Board
Technology Transfer 
Dr. Udo Krause
Research Controlling and Data 
Management       Dr. Uwe Siegel
Board of     Trustees
Head: Dr. Babett Gläser, Sächsisches Staatsminis   terium für Wissenschaft, Kultur und Tourismus
Scientific Advisory Board
Head: Prof. Dr. Maria-Roser Valenti,  
Goethe-Universität Frankfurt
Scientific Technical Council





2 Emmy Noether Research group
3 Leibniz Junior Research group
4 Joint Junior group with HZB
5 Internal Junior Research group
6 Joint Junior Professorship with TU Dresden
7 Joint Professorship with TU Bergakademie Freiberg
Institute for Theoretical 
Solid State Physics
Prof. Dr. Jeroen van den Brink
Institute for 
Integrative Nanosciences
Prof. Dr. Prof. h. c. Oliver G. Schmidt
Rolled-up Photonics
Dr. Libo Ma
Micro- and Nanobiomedical 
Engineering
Dr. Mariana Medina-Sánchez1
Compliant Magneto-Sensory  
Systems
Dr. Daniil Karnaushenko
Theoretical Solid State Physics
Prof. Dr. Jeroen van den Brink
Quantum Chemistry
Dr. Liviu Hozoi
Topological States of  
Interacting Matter
Dr. Ion Cosma Fulga5
Computational Methods for 
Correlated Materials
Dr. Oleg Janson3
Numerical Solid State Physics 
and Simulation



















Representative for disabled employees: N. N.
Data Security Officer: Kristin Beyer
Equal Opportunities Officer: Dr. Anke Kirchner
Ombudsperson: Prof. Dr. Rudolf Schäfer
Admin. Project Management 
Friederike Jaeger
Safety and Environment 
Uwe Schmiel
Internal Audit and Compliance 
Stefan Leipnitz










Executive     Board
Board of     Trustees





Zahlen und Fakten 2020
Das IFW Dresden ist eines der größten 
Forschungsinstitute Sachsens und Mitglied der 
Leibniz-Gemeinschaft. Als Leibniz-Institut mit 
gesamtstaatlicher Bedeutung wird das IFW 
gleichermaßen vom Bund und dem Land Sachsen 
gefördert. Wir unterhalten enge Kooperationen 
mit Universitäten, anderen außeruniversitären 
Forschungseinrichtungen und Partnern aus der 
Industrie auf nationaler und internationaler Ebene. 
Neben dem wissenschaftlichen Auftrag ist die 
Ausbildung von Nachwuchs im wissenschaftlichen, 
technischen und administrativen Bereich ein 
wichtiger Bestandteil unserer Arbeit.
Sowohl Chancengleichheit als auch 
Familienfreundlichkeit sind erklärte Ziele des 
IFW Dresden. Im Jahr 2020 lag der Frauenanteil 
in wissenschaftlichen Positionen bei 24 Prozent 
und der Anteil von Frauen in wissenschaftlichen 
Führungspositionen bei 27 Prozent. Wir unterstützen 
unsere Beschäftigten dabei, Familienleben und 
berufliche Anforderungen in Einklang zu bringen. 
Seit dem Jahr 2007 ist das IFW Dresden mit dem 
"audit berufundfamilie" zertifiziert.
Facts und Figures 2020
IFW is one of the largest research institutes in 
Saxony and a member of the Leibniz Association.  
As a Leibniz Institute of national importance, the 
IFW is supported by the federal government and 
the state of Saxony. We maintain national and 
intenational cooperations with universities, other 
research institutions and industrial partners. 
In addition to the scientific mission, the training of 
the scientific, technical and administrative staff is an 
important part of our work.
Equal opportunities and family friendliness are 
declared goals of IFW Dresden. In 2020, the 
proportion of women in scientific positions was 24 
percent and the proportion of women in scientific 
management positions 27 percent. We support our 
employees in reconciling family life and professional 
requirements. IFW Dresden has been certified with 
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Dr. Michael Zopf   Tschirnhaus-Medal of the IFW for excellent PhD theses
Dr. Martin Grönke   Tschirnhaus-Medal of the IFW for excellent PhD theses
Dr. Christoph Wuttke   Tschirnhaus-Medal of the IFW for excellent PhD theses




DE 10 2013 217 378.4 (11421 DE
17.11.2020
Zusatzwerkstoff 
invented by Jürgen Eckert, Uta Kühn, Julia Kristin 
Hufenbach, Gunnar Bürkner, Alexander Fröhlich
DE 10 2019 106 510.0 (11903 DE)
13.11.2020
Verfahren zur Bestimmung von Eigenschaften  
von Schichten in Schichtsystemen
invented by Günter Martin, Hagen Schmidt     
DE 10 2013 202 544.0 (11307 DE)
13.08.2020
Dispergatoren und Verfahren zur Abwasseraufbereitung
invented by Lluís Soler Turu, Veronika Magdanz, 
Samuel Sanchez Ordonez, Oliver G. Schmidt   
DE 10 2011 017 805.8 (11012 DE)
13.08.2020
Magnetisches Speichermaterial zur 
Langzeitspeicherung binärer Daten
invented by Manuel Richter
DE 10 2013 217 660.0 (11320 DE)
22.10.2020
Messsonde und Verfahren zu deren Herstellung
invented by Volker Neu, Tina Sturm, Denis Pelekhov
DE 10 2017 102 163.9 (11623 DE)
01.10.2020
Magnetokalorischer Wärmeüberträger mit anisotro-
per Wärmeleitfähigkeit und Verfahren zur Herstellung
invented by Maria Krautz, Markus Klose,  
Anja Waske, Martin Uhlemann 
DE 10 2019 110 748.2 (11906 DE)
03.09.2020
Einrichtung und Verfahren zum Sortieren und 
Trennen von in Fluiden dispergierten Mikro- 
partikeln und/oder Zellen
invented by Andreas Winkler, Cynthia Richard, Melanie 
Colditz, Friedrich Striggow, Armaghan Fakhfouri       
US 15/440504 (11419 US)
05.05.2020
Wickelkondensator mit Perowskit Dielektrikum 
und dessen Herstellungverfahren
invented by Daniel Grimm, Oliver G. Schmidt,  
Shoichiro Suzuki, Akira Ando, Koichi Banno
EP 12 812 182.9 (11110 EP/EP)
DE 50 2012 016 034 (11110 EP/DE)
29.04.2020
Akustisches Oberflächenwellenbauelement und  
Verfahren zu seiner Herstellung
invented by Siegfried Menzel, Andreas Winkler
Patente 
Patents
Zum 31. Dezember 2020 hielt das IFW 101 Patente in Deutschland und 73 internationale Patente.
By 31 December 2020, the IFW holds 101 patents in Germany and 73 international patents.
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EP 3 224 845 (11429 EP/EP)
05.08.2020
Verfahren zur Herstellung eines aufgerollten  
elektrischen oder elektronischen Bauelements
invented by Daniel Grimm, Dmitriy Karnaushenko, 
Martin Bauer, Daniil Karnaushenko, Denys Makarov, 
Oliver G. Schmidt
DE 50 2015 013 238.8 (11413 EP/DE)
EP 3 189 172 (11413 EP/EP/AT/CH/FR/GB/IT/SE)
05.08.2020
Hochfeste, mechanische Energie absorbierende und 
korrosionsbeständige Formkörper aus Eisen- 
legierungen und Verfahren zu deren Herstellung
invented by Josephine Zeisig, Julia Kristin Hufenbach, 
Uta Kühn, Jürgen Eckert
DE 10 2018 113 473  (11812 DE)
09.07.2020
In-situ-Verfahren und Apparatur zur kontinuierlichen 
Herstellung von Garnen aus Kohlenstoffnanotubes
invented by Vyacheslav Khavrus, Albrecht Leonhardt, 
Ralf Voigtländer, Bernd Büchner 
JP 2017-546016  (11429 JP)
27.02.2020
Verfahren zur Herstellung eines aufgerollten  
elektrischen oder elektronischen Bauelements
invented by Daniel Grimm, Dmitriy Karnaushenko, 
Martin Bauer, Daniil Karnaushenko, Denys Makarov, 
Oliver G. Schmidt
EP 12 812 182.9 (11702 EP/EP) 
DE 50 2012 016 004 (11702 EP/DE)
22.04.2020
Akustisches Oberflächenwellenbauelement und 
Verfahren zu seiner Herstellung
invented by Siegfried Menzel, Andreas Winkler
DE 10 2016 101 813.9 (11529 DE)
06.08.2020
Asymmetrischer optischer Resonator, optische  
Vorrichtungen, die den asymmetrischen optischen 
Resonator aufweisen und Verwendung
invented by Libo Ma, Oliver G. Schmidt
DE 10 2016 115 504.7 (11619 DE)
23.07.2020
Akustisches Oberflächenwellenbauelement mit  
Drehung der Schwingungsebene
invented by Hagen Schmidt, Manfred Weihnacht, 
Alexander Darinskii, Robert Weser
DE 50 2015 012 205.6 (11430 EP/DE), 
EP 3 017 876 (11430 EP/EP/FR/GB)
08.04.2020
Vorrichtung zur Flüssigkeitszerstäubung und 
Verfahren zu ihrer Herstellung
invented by Andreas Winkler, Stefan Harazim,  
Jürgen Eckert, Oliver G. Schmidt
DE 10 2012 221 408 (11226 DE)
20.02.2020
Akustische Oberflächenwellenbauelemente mit  
Interdigitalwandlern und Verfahren zu ihrer  
Herstellung
invented by Siegfried Menzel, Jürgen Eckert,  
Henning Turnow
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Priority patent applications 
DE 10 2020 118 370 (12011 DE)
13.07.2020
Vorrichtung und Verfahren zur Umwandlung von 
thermischer Energie in elektrische Energie
invented by Sebastian Fähler, Dietmar Berger,  
Daniel Dzekan, Anja Waske, Bruno Neumann
DE 10 2020 118 363 (12009 DE)
13.07.2020
Einrichtung zur Nutzung von thermischer Energie
invented by Bruno Neumann, Sebastian Fähler
DE 10 2020 118 267 (11922 DE)
DE 10 2020 118 268 (12012 DE)
10.07.2020
Verfahren zur Herstellung eines magnetokalorischen 
Drahts, magnetokalorischer Draht und dessen  
Verwendung
invented by Maria Krautz, Jens Freudenberger
DE 10 2020 104 246.9 (11915 DE)
18.02.2020
Thermoelektrischer Generator
invented by Kornelius Nielsch, Andy Thomas
DE 10 2020 134 472.4 (11915 DE)
21.12.2020
Wälzlager für den Einsatz in temperaturwechselnder 
Umgebung und deren Verwendung
invented by Danny Baumann, Alexander Horst
DE 10 2020 121 729.3 (12019 DE)
19.08.2020
Implantatwerkstoff und dessen Verwendung
invented by Julia Kristin Hufenbach, Uta Kühn, Annett 
Gebert, Martin Otto, Birgit Paul, Ulrich Rößler
DE 10 2020 134 494.5 (12023 DE)
21.12.2020
Biegeelastische Wellenkupplung
invented by Danny Baumann, Alexander Horst
US 16/904,559 (11823 US)
18.06.2020
Verfahren und Vorrichtung zur Bestimmung der 
Position von Objekten





Im Jahr 2020 waren 42 Stipendiat*innen am IFW Dresden tätig. Darunter waren 10 Stipendiat*innen von der 
Alexander von Humboldt-Stiftung, 3 Stipendiat*innen vom Deutschen Akademischen Austauschdienst DAAD 
und 16 Stipendiat*innen vom China Scholarship Council. 
In 2020, 42 scholarship holders worked at IFW Dresden. Among them were 10 fellows of the Alexander von 




January 23  Branch Meeting Energy and Environmental Technology, IFW Dresden
January 23-24  BIOREMIA Kick-off Meeting , IFW Dresden
February 10-11  Sächsischer Forschungs- und Vernetzungsworkshop "Thermoelektrische Anwendungen  
   in der Industrie", Meißen
March 15-20  DPG Spring Conference, Dresden (cancelled)
June 2-5  nature conference: Microrobots and Nanorobots for Biotechnology, DGUVvAkademie  
   Dresden, Germany (postponed to May 25-28, 2021)
June 29 - July 1  UKRATOP Days at IFW with reports of fellowship holders, virtual lab tours and work 
   shop on "Topological Phenomena in Quantum Materials"
October 15-16  SAW Symposium 2020, postponed to fall 2021
December 7-11  BeMagic PhD Training Workshop (Online-Event)






Medical imaging of magnetic micromotors trough scattering tissues, TU Chemnitz
Vida Barati 
Development of a Thermoelectric Characterization Platform for Electrochemically Deposited Materials,  
TU Dresden
Liang Deng 
Selective laser melting of glass-forming alloys, TU Dresden
Stefan Engelhardt  
Epitaktische BaTiO3-basierte Schichten für elektrokalorische Untersuchungen, TU Dresden
Kevin Geishendorf 
Magnetotransport Experiments in Co3Sn2S2 Microstructures, TU Dresden
Martin Grönke 
Synthese und Charakterisierung von Nanokristallen in verschiedenden Übergangsmetallhalogeniden und  
-chalkogeniden mittels chemischem Gasphasentransport, Brandenburgische TU Cottbus-Senftenberg
Jose Maria Guevara Parra 
Scanning Tunneling Spectroscopy of unconventional superconductors, TU Dresden
Carsten Habenicht 
Photoemission studies under the influence of variable external strain: application to topical complex materials, 
TU Dresden
Martin Hoffmann 
Auger Elektronenspektroskopie an Lithium Batteriematerialien, TU Dresden
Robert Keil 
Growth, characterization and implementation of semiconductor sources of highly entangled photons, 
TU Chemnitz
David Alberto Lara Ramos





Untersuchungen zu Gamma-TiAI-Dünnschichten als Elektrodenmaterial für Hochtemperatur-
Oberflächenwellen-Bauelemente, TU Dresden
Lixiang Liu 
Nickel-iron oxide-based nanomembranes as anodes for micro-lithium-ion batteries, TU Chemnitz
Sebastian Maletti 
Das Konzept der Metallionen-Hybridbatterie am Beispiel ausgewählter Oxidsysteme, TU Dresden
Anna Corinna Niemann 
Thermoelectric Transport Phenomena in Magnetic Nanowires and Topological Micro-Ribbons, 
Universität Hamburg
Lukas Schwarz 
Magnetic micromotors in assisted reproductive technology, TU Chemnitz
Lukas Spree 
Synthese und einkristalline Struktur endohedraler Metallofullerene und ihre magnetischen Eigenschaften, 
TU Bergakademie Freiberg
Michael Vogl 
Synthese und Kristallzüchtung von magnetisch frustrierten Oxiden, TU Dresden
Jinhui Wang 
Integrated micro-supercapacitor: Design, fabrication and functionalization, TU Chemnitz
Diplom- und Masterarbeiten
Diploma and Master Theses
Yara Abdelaal  
Fabrication and characterization of 3D folded piezoelectric micro- and nano-structures for Lab-on-Chip 
applications, TU Dresden
Ivan Antonenko
Transport in van der Waals nanostructures, TU Dresden
Moritz Döllgast 
Einfluss von Herstellungsbedingungen und Zusammensetzung auf die Formgedächtniseigenschaften 
polykristalliner Ni-Ti Schichten, TU Dresden
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Eashika Ghosh  
Impedimetric sensor-in-a-tube for biological applications, TU Dresden
Raphael Havemann 
Zero-field NMR an CrCl3 Nanofilmen, TU Dresden
Anita Katheras 
Elektronen-Energieverlustspektroskopie an 2D-Materialien, TU Dresden
Patrick Kawulock 
Development of a reliable sampling process of thermoelectric nanoparticles and their characterization, 
TU Dresden
Denys Kononenko 
Effects of dipole-dipole interaction in curvilinear antiferromagnetic spin chains, 
Taras Shevchenko National University of Kyiv
Moritz Lange 
Auswirkungen chemischer Substitution und Interkalation auf die magnetischen Eigenschaften des 
Kitaev-Heisenberg-Systems a-RuCl3, TU Dresden
Eter Mgeladze 
Single crystal growth and transport properties of fullerenes, TU Dresden
Rachappa Ravishankar  
Studying magneto-mechanical coupling between ferromagnetic tip and magnetic textures, 
TU Chemnitz 
Jochen Simon 
Elektronenspektroskopie und Bandstrukturrechnungen an cäsiuminterkaliertem Hafniumdiselenid, TU Dresden
Lennart Wilkens 
Thermoelectric characterization of Antomony: From different Synthesis Routes, TU Dresden
Arthur Rubin Witte 
Magnetische und thermodynamische Studien an quasi-2D Materialien, TU Dresden
Materialforschung 
für die Technologien von übermorgen
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